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NOMENCLATURE 
a distance from leading edge mm 
A-. -A- coefficients, equation (B7) 
B coefficient, equation (37) 
c specific heat Ws/kg-°K 
C-, -CM integration constants, equations (15-16) 
d fabric thread diameter mm 
D diameter of fabric sample cm 
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e radiative emissivity 
E activation energy Ws/g mole 
F configuration factor 
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2 
h free convection film coefficient W/cm -°K 
2 
2h flame convective film coefficient W/cm -°K 
c 
Ai reaction enthalpy Ws/g 
j exponent, equation (37) 
k thermal conductivity W/cm-°K 
2 
k/6 thermal conductance W/cm -°K 
preexponential factor 1/s 
L height above burner exit cm 
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m mass per unit length mg/cm 
m mass flow rate g/h 
n order of reaction 
Nu Nusselt number, equation (6) 
p pressure N/m 
Pr Prandtl number, equation (6) 
P(B/I) probability of burn given ignition 
P(I/E) probability of ignition given exposure 
P(E/U) probability of exposure given use 
2 
q heat flux per unit area W/cm 
ft 
q nondimensional heating intensity 
R universal gas constant Ws/g mole-°K 
Re Reynolds number, equation (36) 
s sample variance s 
T absolute temperature °K 
T* normalized temperature., equations (B5) 
and (B6) 
t time s 
V velocity m/s 
2 
W incident radiant heat flux W/cm 
x relevant scaling length cm 
Greek Symbols 
a radiative absorbtivity 
a inclination angle 
a proportionality constant, equations (9,10) 
3 coefficient of thermal expansion 1/°K 
Xll 
6 fabric thickness mm 
e decomposable mass fraction 
n normalized time, equation (20) 
9 normalized temperature, equation (21) 
X reacted mass fraction 
u dynamic viscosity kg/m-s 
2 
v kinematic viscosity m /s 
TT^-TI,,. front fabric parameters, Table 1 
Tr?n-Tr?-,, back fabric parameters, Table 2 
p radiative reflectivity 
2 
p6 specific mass mg/cm 
2 4 
o Stefan-Boltzmann constant W/m -°K 
T radiative t.ransmissivity 
$ stoichiometric equivalence ratio 
Subscripts 
b back fabric 
c convective 
d thread diameter 
e burner exit 
en endothermic reaction 
ex exothermic reaction 
f front fabric 
g gas flame 




md moisture desorption 
mix mixture 
o initial 
p constant pressure 
r radiative 
ref reference value 
s stainless steel screen 
w surface temperature 
1-4 surfaces of the fabric assembly, Figure 1 




a measured film coefficient 
b film coefficient, equation (37), x = 6 
c film coefficient, equation (35), x = 5 
d film coefficient, equation (37), x = d 
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SUMMARY 
This thesis is concerned with the determination of 
fabric ignition time under radiative and convective heating. 
Ignition time was measured and analyzed for the geometries 
of multilayer assemblies exposed to a radiative ignition 
source and edge exposure to a flame. 
The Fire Hazard and Combustion Research Laboratories 
of the School of Mechanical Engineering at the Georgia 
Institute of Technology have been engaged in a research 
program studying the ignition phenomena of fabrics. The 
objective of this research has been to obtain the under-
standing required to set rational and reasonable flammability 
standards and criteria. The flammability of fabrics has 
been shown to be a function of fabric material properties, 
relevant geometry, and the ignition time for a given heating 
intensity. 
This work is an extension of fabric ignition time 
measurements to relevant geometric configurations. In all 
flammability studies the central problem is to relate test 
methods of the laboratory to actual conditions encountered 
in the ignition of fabrics. Relevant fabric configurations 
must be assessed in the evaluation of fabric flammability 
hazards. Relevant configurations include the multilayer 
fabric assemblies £.nd the edge exposure to a flaming 
XV 
ignition source. 
Ignition time measurements were conducted on commonly 
encountered pairs of fabrics under radiative heating and on 
the edges of single fabrics exposed to a flame. Analytical 
models were formulated to predict the ignition time of both 
systems under specified heating conditions and geometry. 
Ignition tests were conducted on fabric pairs 
consisting of two identical cotton fabrics and of a polyester 
fabric with a cotton fabric behind it. Ignition times 
ranged from 3.7 to 24.5 seconds. For edge exposure to a 
flaming heat source tests were conducted on cotton and 
synthetic blends. Ignition tim.es varied from 0.07 to 2.6 
seconds. Results from the ignition tests were correlated 
with results from previous ignition tests. 
This work was supported by the National Science 
Foundation under the Research Applied to National Needs 
Program, Grant Number GI-31882A#1. 
CHAPTER I 
INTRODUCTION 
Relevance of Fabric Flammability Research 
Accidental fires claim the lives of 12,000 Americans 
each year and inflict property damage and related losses 
that costs the United States an estimated $11.4 billion 
per year. Tragically, an additional 300,000 persons are 
injured in fires, with one in six requiring more than six 
weeks of hospitalization [1]. Garments which ignite and 
injure the consumer contribute greatly to this tremendous 
loss. Each year 3,000 to 5,000 deaths are due to flaming 
fabrics, and more than half of the total burn injuries result 
from this source. Recent studies show that clothing burn 
victims are burned more severely than burn victims spared 
clothing fire, and are four times more likely to die [2]. 
In response to this problem, Congress enacted the 
Flammable Fabrics Act of 1953 (and further amended it in 
1967) directing the Secretary of Commerce to establish 
reasonable fabric flammability safety criteria so as to 
protect the public from excessive hazards of fabric-related 
burn injuries. These standards are currently being sought 
through basic research into the flammability of fabrics, 
Numbers In brackets designate references in the 
Bibliography. 
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and their establishment will ultimately result in a reduc-
tion of the overall fire hazard. 
Previous Accomplishments 
In order to establish the technical and scientific 
foundation for the required legislation, the United States 
textile industry and the United States Government have 
initiated a cooperative effort in sponsoring research 
designed to lay down this scientific foundation. To formu-
late and administer such programs the Government-Industry 
Research Committee on Fabric Flammability (GIRCFF) was formed, 
whose members represented the National Science Foundation, 
the National Bureau of Standards, the American Textile 
Manufacturers Association, the Cotton Council of America, 
and the Man-Made Fiber Producers Association. 
The principal connection between burn injury hazard 
and the deterministic processes leading to burn injury were 
established in Reference [3]. The relationship is based on 
the quantitative assessment of hazard in terms of accident 
probability, and the dependence of accident probability on 
the subsidiary probabilities associated with all conceivable 
events occurring between the production of the fabric and 
the accidental burn injury. The probability of fabric 
ignition for a given exposure P(I/E) was related in 
Reference [4] to the ratio of the time it takes a fabric to 
ignite under given exposure conditions, called the ignition 
3 
time, over the time the fabric is exposed to a given 
ignition source, that is, the exposure time. The overall 
hazard may be expressed by 
P(B/U) = P(E/U) • PCI/E) • PCB/I) (1) 
that is, the probability of burn injury given the intended 
usage is specified by the subsidiary probabilities of 
exposure given usage, ignition given exposure, and burn 
injury given ignition. 
Research on fabric flammability has been directed 
towards the assessment of the overall garment fire hazard. 
Four separate research groups were selected by the GIRCFF 
to study the phenomena of ignition, preignition heat transfer, 
propagation of flame, and the assessment of burn injury. 
These are the Georgia Institute of Technology, the Gillette 
Research Institute, the Massachusetts Institute of Technology, 
and Factory Mutual Research Corporation. The accomplish-
ments of these groups are reported in References [4-10]. 
The ignition of fabrics was studied at the Fire 
Hazard and Combustion Research Laboratories of the School of 
Mechanical Engineering at the Georgia Institute of Technology. 
Fabric ignition times were determined for fabric samples 
exposed to a specified heat flux for both convective and 
radiative heating. Comparison between analyses and experi-
mentally determined ignition times indicate the significance 
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of pyrolysis in delaying predicted ignition times by a factor 
of two to three. An extensive collection of thermal and 
physical property data on fabric materials was made [4,5]. 
The ignition phenomenon of fabrics was also studied 
at Factory Mutual Research Corporation. Minimum ignition 
times were determined for fabrics exposed to convective 
heating, and were related to fabric density. The ignition 
of single yarns was also studied [8]. 
Further Advances Required 
The determination of the relationship between fabric 
behavior in a laboratory test and the hazard it represents 
in actual use is the central problem in the development of 
rational safety standards [11]. In previous ignition 
studies single fabrics were tested under normal impingement 
to an ignition source [4,5,6] . It is necessary to expand 
these test methods, as actual ignition situations encounter 
less simplified geometries and heating conditions. Two such 
geometries are the heating of multi-layer assemblies and 
the edge impingement of a gas flame. 
Multi-layer fabric systems are predominant in 
clothing and furnishings. The possible interaction of fabric 
layers must be quantitatively determined before the general 
behavior of a fabric can be established with the confidence 
that is required to propose rational fabric flammability 
standards. Only single fabrics have been investigated in 
s 
previous and current ignition time studies. 
The problem of heat transfer through multi-layer 
fabric systems has been studied analytically [12,13]. 
Morse, et al. [12], analyzed a two layer model undergoing 
intense radiative heating. Results of a preliminary 
parametric analysis showed that at air gaps greater than 0.1 
inches, the heat transfer is predominantly by radiation 
while at gaps of less than 0.1 inches convection is predomi-
nant. It was concluded that gaps between fabric layers are 
of primary importance in determining the heat transfer 
through the fabric system. 
Morris [13] studied the thermal insulation properties 
of multiple fabric layers. It was shown that the conductive 
resistance of the overall fabric system could be approxi-
mated by the sum of the conductive resistances of the 
individual layers if the surfaces were smooth, and the fabrics 
were in contact. The insulating properties of both single 
and multiple layered fabric systems were largely attributed 
to the volume of air contained within the fabric system. 
It has been suggested by Miller [14] that various 
polymer combinations in a fabric system wrill chemically 
interact during thermal decomposition and/or burning. In a 
current research program he proposes to demonstrate chemical 
mechanisms of interaction through classical analytical 
techniques. Preliminary results show that early decomposi-
tion products of synthetic fibers effect a chemical 
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modification of cellulosic materials producing a material 
with somewhat different flammability properties. Miller has 
shown previously that the effects of chemical fire retardants 
may be transferred between composite layers of fabric [15]. 
Experimental evidence of the effect of the angle of 
flame impingement upon fabric ignition time has been 
reported by Champion [16] and by Heskestad, et al. [9]. 
Champion measured ignition times for circular fabric 
samples at 0° and 45° inclination angle, and found little 
variation in ignition time with inclination angle. The 
ignition times appeared to vary directly with the measured 
film coefficients. Heskestad, et al. varied the angle of 
impingement from 0° to 62° from the horizontal. For a 
diffusion flame only a 20% variation in ignition time was 
obtained. Earlier tests [9] at Factory Mutual indicated a 
variation in ignition tests with inclination angle of up to 
four times, a discrepancy which was not later explained. 
The effects of edge ignition are predominant in many 
garment fires which originate from loose free-hanging 
fabrics. These include the ignition of hanging fabrics such 
as draperies, as well as shirt sleeves and hems where the 
ignition of the fabric edge spreads rapidly up the fabric. 
This phenomenon of edge ignition has not been studied 
previously by the GIRCFF research groups. 
7 
Research Objectives 
The first objective of this thesis is to assess the 
effect of fabric interaction on the ignition time of a 
multiple layer fabric assembly. Relevant parameters will be 
determined to describe the heating and ignition of multi-
layer fabric assemblies undergoing radiative heating. 
Ignition time results are to be correlated with results from 
previous ignition time studies. 
The second objective of this thesis is to assess the 
effect of fabric orientation on the ignition time of single 
fabrics exposed to a convective ignition source. Parameters 
to be studied include the effect of the proximity of the 
edge to a flame and the effect of the angle of flame impinge-
ment. Ignition time results are to be correlated with 
results from previous ignition time studies. 
s 
CHAPTER II 
MULTI-LAYER FABRIC INTERACTION 
Two problems associated with the overall fire hazard 
of fabric systems are the ignition of multi-layer assemblies 
and the ignition of fabrics exposed to a flame. The purpose 
of this chapter is to assess the effect of the interaction 
of parallel fabric layers upon fabric ignition time under 
radiative heating. The problem of edge exposure to a flame 
will be considered In Chapter III. 
Analytical models are developed to simulate the thermal 
response and predict the ignition time of a fabric assembly 
of fabric layers separated by a specified air gap. Ignition 
times were experimentally determined for fabric pairs 
consisting of similar and dissimilar fabric compositions. 
Parameters investigated include the effects of inter-layer 
spacing, heating intensity, and fabric composition. Evidence 
of possible synergism of fabric layers of differing 
composition was examined through comparison of results on 
similar and dissimilar fabrics. Test data and analysis are 
correlated with previous radiative ignition time data [4,5]. 
Modeling Analysis 
The purpose of the analysis is the derivation of the 
relations which govern the ignition, or melting, of fabric 
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assemblies under radiative heating. First, destruction 
criteria must be defined. Destruction of igniting fabrics 
is defined by the occurrence of thermal excursion of the 
fabric surface, which is associated with the heat release 
of combustion. Synthetic fabrics, however, do not ignite 
but rather melt and shrink away from the heat source. Thus 
destruction of melting fabrics is defined by the breakdown 
of fabric structure with melt-through of the fabric. Melting 
is assumed to occur at the unique melting temperatures 
reported in References [4,5]. The fabric system is consid-
ered destroyed by the ignition., or melting, of either front 
or rear fabrics. Destruction times are determined from the 
thermal response of the fabric with time, and were taken to 
be the time required for the thermal excursion for the 
igniting fabrics, or the time required for the attainment 
of melting temperature in the case of melting fabrics, 
Problem Formulation 
A two layer fabric assembly separated by a specified 
air gap is shown in Figure 1. It is assumed that the overall 
dimensions are large with respect to the air gap, and that 
the heat transfer through the layers of fabric may be 
considered one dimensional. The fabrics are approximated 
by thermally thin semi-transparent slabs for which the fine 
structure of the fabric is neglected, i.e., the yarn 
structure, fabric weave, porosity, etc. [4], Subsurface 
temperature gradients are neglected due to the thinness of 
10 
F r o n t 
Fa b r i e 
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S u r f a c e 4 
S u r f a c e 3 
Figure 1. Geometry of the Fabric Assembly 
11 
the fabric material. The system is exposed to radiant heatinj 
and is assumed to undergo radiative and convective cooling, 
as well as experience moisture desorption, endothermic 
pyrolysis, and exothermic combustion (in the case of igniting 
fabrics). Conservation of energy for the front fabric may 
be written as 
dT^ x f p , 
; ' p 5 ) , c, —Ar = a f [ l
 + —L_2_]w - h-, (T . -T ] - J f f d t fL -, - ~ J o 1 v f <*>J 
i - p £ p b 
h 2 ( T £ - T b ) - a e £ F l r a ( T £
4 - V ) 
o F 2 3 ( T f 4 - T b 4 ) / f 1 / e f + 1 / e b ^ 
( A i ) r J E r , ( p 6 ) , f ± ^ 
1 • ' f j ind f , m d k f , o dt 
dX. 
< A 1 > f . e a E f , e n ^ £ , 0 ~ 4 t ^ 
dXf 
+ f A i ^ f , e x £ f , e x ( p ^ f , o 3 ^ (2) 
where p6 is the specific mass, c is the specific heat, T 
is the absolute temperature, t is time, a, p, and T are the 
radiative absorbtivity, transmissivity, and reflectivity, 
respectively. W is the incident heat flux, h is the 
convective film coefficient, a is the Stephan-Boltzmann 
12 
constant, e is the emissivity, e is the decomposable mass 
fraction participating in the particular reaction, F is the 
radiative exchange factor, Ai is the reaction enthalpy, and 
X is the reacted mass fraction for the specific reaction. 
Subscripts f and b refer to the front and back fabrics 
respectively, and numerals 1, 2, 3, and 4 refer to the fabric 
assembly surfaces as defined in Figure 1. Subscripts o, », 
md, en, and ex refer to initial conditions, ambient condi-
tions, moisture desorption, endothermic gasification, and 
exothermic reaction, respectively. 
The term on the left side of equation (2) is inter-
preted as the net energy storage of the front fabric. The 
eight terms of the right side are the total absorbed radiant 
heat flux, the convection at surface 1, the convection at 
surface 2, the radiative cooling of surface 1, the radiative 
cooling of surface 2, the heat absorbed by moisture desorp-
tion in the front fabric, the heat absorbed by endothermic 
pyrolysis of the front fabric, and the heat liberated by 
exothermic reaction of the front fabric. The expression for 
the absorbed incident radiation includes the effect of the 
rereflectivity between parallel fabric layers [17]. 
The reaction rates of moisture desorption, pyrolysis, 
and exothermic reaction are described in terms of nth-order 
Arhenius type relations. The decomposition rates are given 
by equations of the form 
13 
dA |£ - K(l-A)n exp(-E/RT) C3) 
where the reaction kinetic parameters are K, the preexponential 
factor, n, the order of the reaction, and E, the activation 
energy. R is the universal gas constant. Three such 
equations describe the mass decomposition rates of moisture 
desorption, endothermic pyrolysis, and exothermic reaction. 
The equation for conservation of energy for the back 
fabric may be written as 
dT T O U T , 
(p$) cK - - 2 . = - 5 _ i W - h , (T, , -T ) v b b a t - - - o 4 v - b °°̂  
l - p £ P b 
" h3(Tb-Tf) - a F 4 w e b ( T b
4 - 0 ) 
^S^V^I^f + 1 / e b ~ 1 ] 
dA. , 
(Ai) , , e. , (p6) , - 4 # ^ ^ 7b,md b,md ^ - D , O d t 
dA. 
( A I ) K £ * ( P < S ) K — ! r ^ 
*• ^ b , e n b , e n u J b , o d t 
dA. 
+ [ A i ) u e, CP<$)U b , e x 
L ' b , e x b , e x ^ ' b , o —-r r— 
C4) 
Three equations of the form of equation (3) are used to 
describe the decomposition rates of the back fabric by 
moisture desorption, endothermic gasification, and exothermic 
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reaction. 
Expressions for the free convection at surfaces 1 
and 4 are available from standard heat transfer texts. For 
the free convection from a flat vertical plate, the heat 
transfer rate may be expressed by 
Nu = 0.59 (Gr Pr) x v x J 
1/4 C5) 
where x is the relevant scaling length, and the Nusselt, 








: • : 
(6) 
The parameters not yet defined are k, the thermal conduc-
tivity, u, the dynamic viscosity, g, the acceleration due 
to gravity, 3> the coefficient of thermal expansion, and v, 
the kinematic viscosity. Properties are those of air and 
are evaluated at the mean temperature between the surface 
and ambient temperatures [18]. 
The problem of the combined effects of conduction 
and convection in an enclosed air gap (as is the case 
between surfaces 2 and 3) has been studied for a wide range 
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of parameters by Eckert and Carlson [19]. The following 
expression is suggested for the average conductive and 
convective heat transfer through an air medium 
NuQ = 1 + 0.00166 g- (Gr G)
0* 9 (7) 
where G is the spacing between layers and D is the height 
of the air layer. The above relation is valid when 
Gr^ < 1000 and D/G > 1. For small air gaps and moderate 
temperature differences between the two surfaces, the 
Nusselt number is close to unity and heat transfer is 
primarily by conduction. 
The correlations of Eckert and Carlson were obtained 
for the steady state heating of an enclosed air layer. Use 
of the steady state heat transfer relations for the problem 
of the transient heating of a fabric assembly involves the 
assumption that the heating of the fabric assembly is 
quasistatic. 
The four equations describing the heating of the 
front fabric are the equation of conservation of energy, 
and the three rate equations for the mass decomposition by 
moisture desorption, endothermic gasification, and exothermic 
reaction. The heating of the back fabric is described by a 
set of four similar equations. The two energy equations 
are coupled by the radiative and convective exchange 
between surfaces 2 and 3. The total response of the fabric 
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system is given by the simultaneous solution of these eight 
equations. 
Solution of the system of equations described above 
requires numerical integration due to the non-linearity of 
the equations. Before attempting to integrate these eight 
equations, partial modeling will be used to obtain approxi-
mate solutions for the heating of the fabric assembly. 
Models for inert heating with and without convective cooling 
will be developed in the following sections, after which the 
numerical solution to the complete formulation will be 
presented. 
Partial Modeling Analysis 
For inert heating of a fabric assembly, in the 
absence of radiative and convective cooling, the incident 
heating is balanced by the sensible heat storage of the 
fabric layer. Temperatures of the fabric layers are 
governed by 
(o6)c £T = Cl* W Q (8) 
where the proportionality constants for the absorbance of 
the front and back fabrics include the rereflectivity between 




* T r O i P I 
ab = — ^ ^ - (10) 
1-tfh 
Integration of equation (8) between initial time and ignition 
time yields the following expression for the destruction 
time 
(o<5) (T- -T ) 
C 1 TTl °° 
h a " - ^ ^^ 
a W 
o 
Two ignition times are predicted for the fabric assembly, 
however, destruction of the assembly occurs when the shorter 
of the two is reached. 
For the case of radiant heating combined with convec-
tive cooling, the energy balances for the front and back 
fabrics are coupled by the convection between them. For the 
fabric assembly shown in Figure 1 these equations may be 
written as 
(P«)£ cf 4f = 4
 wo - V W - W T J (12> 
AT 
fP^b cb ~Ti- " ab Wo " V W " h 4 < V T J ("3 
Film coefficients h~ and h, for the heat transfer 
between the surfaces of the air gap are equivalent for 
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negligible thermal capacity of the air gap. These film 
coefficients are approximated by the conductive resistance 
of the air medium, for Nusselt number close to unity. The 
convective film coefficient is given by 
k . 
h = h = _§il ( 1 4 ] 
2 "3 
Film coefficients h. and h. are determined for the 
free convection fro:̂  a vertical surface by 
^n^ = 0. 59 (Gr P r ) 1 / 4 (5) 
1C X 
Film coefficient h. is approximated by fu , with an associ 
ated error in the value of h* of -10%. 
The coupled energy balances (12) and (13) may be 
separated and integrated to yield expressions for T_r and 
T, , given as 
T r - T 
ChyHi,) (a-W +h,T ) + (h-,) (a, W +h, T ) 
2 i t O 1 co-' - \ J v b O 1 <x>J 
f 1 co ? 2 
[ h 2
+ V - Ch2)-
+ TOTC1 exp(A 1 t ) + TJZ2 e x p ( A 2 t ) (15) 
A 
Verified through numerical solution of the complete 
formulation. 
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(h^h^C^W^TJ + (h,) (VVfrjTJ 
i I ^ 
( V h l J " ( h2^ 
+ T j : . e x p ( A 3 t ) + T<toC4 e x p ( \ 4 t ) (16) 
where the equations have been simplified using the approxi-
mations h-. = h, and h9 = h,. Initial conditions are 
at t = 0 Tf - I. 
T
b =
 T» (17) 
Eigenvalues are determined from the solution of the 
separated differential equations for Tf and TV. The constants 
C-. through C. are determined from initial conditions and the 
requirements for satisfying the governing differential 
equations (12) and (13) . Derivation of equations (15) and 
(16) and evaluation of the constants are presented in 
Appendix B. 
Ignition time predictions for a given heating 
intensity may be expressed by a normalized ignition time and 
a normalized heating intensity. These cannot be obtained 
by normalizing the lumped parameter governing differential 
equations (2) and (4) or (12) and (13) for the heating of 
the fabric assembly, but are useful parameters for plotting 
fabric ignition time data and analyses. Normalized ignition 
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time is presented by the Fourier number, defined as the ratio 
of destruction time to thermal diffusivity> given by 
>/6)t 
Foi,m " - c(P6j
l3m ^ 
Normalized heating intensity is given by the ratio of the 
total absorbed radiant heat to the conducted heat flux, as 
* 
A CJ W 
o 
qr = (k/6) fT.~ -T ) C 1 9 ) 
K f J • 1 , m °°^ 
The effect of air gap upon destruction time is shown 
in Figure 2, in which ignition time of the front fabric in 
the two fabric assembly is plotted versus inter-layer gap. 
The heating intensity is held constant at 9.25 W/cm for 
the assembly of GIRCFF fabric number 5 front and back (100% 
cotton fiber, see Table A3 in Appendix A). Destruction 
time predictions by the inert models with and without 
convective losses are plotted in Figure 3 to compare the 
results of the two partial models developed in this section. 
The fabric assembly used in Figure 3 is that of fabric number 
5 front and back, with G = .318 cm. 
From the partial modeling analysis it is concluded 
that rereflectivity between fabric layers results in an 
increase in total incident heating proportional to 
a - a. Also, it is concluded that convection between 
2 I 
w0 = 9.25 w / c m 
0 1 2 
G, cm 
Figure 2. Effect of Air Gap on Ignition Time of the Front 
Fabric (Ignition time predicted from inert 
heating with convective heat losses for GIRCFF 
fabric number 5 front with fabric number 5 back] 
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Figure 3. Comparison of Predicted Ignition Times of Front 
Fabric (Curve A represents inert heating 
without convective or radiative losses and 
curve B represents inert heating with convective 
losses but without radiative losses) 
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fabric layers decreases with increasing inter-layer spacing. 
The solution of the complete radiative ignition model 
requires the numerical integration of the system of eight 
equations derived in the problem formulation of the previous 
section. The solution of the complete model is presented 
in the next section. 
Numerical Solution for Radiative Heating 
The governing equations (2) and (4) which describe 
the total heating of the fabric assembly include the effects 
of radiative and convective heat losses, as well as gas 
phase reactions. Inclusion of these terms make the governing 
equations highly non-linear. Consequently, the solution to 
the set of equations developed in the problem formulation 
requires simultaneous numerical integration. This was 
accomplished using a fourth-order Runge-Kutta algorithm, 
employing a Univac 1108 digital computer, and using tempera-
ture dependent property data obtained from References [4,5]. 
The governing equations were made more tractable by 
the introduction of relevant scaling parameters for time and 
temperature. The independent variable time is scaled by the 
ratio of radiant power flux to the sensible energy storage 
of the fabric. Nondimensionalized time ri is given by 




Cr(06)r (T r - -T ) 
t
 ± l t > 0 £' 1> m ~ (20b) 
o.f[l + x£pb/(l-p£pb)] W Q 
and where properties are evaluated at initial conditions. 
The dependent variable temperature is scaled by the ratio 
of the amount of temperature rise from initial temperature 
to the amount of temperature rise required for ignition. 




(21) T. -T 
l ,m °° 
For the case of idealized heating for which the radiant 
heat flux is balanced by the sensible energy storage, t > 
I vl 
represents the ignition time and 0 = 1 the ignition 
temperature. 
Substitution of the above variables into equation (2), 
which describes the overall heating of the front fabric, 
yields the following normalized differential equation 
d9£ 4 
If = fll ' ̂ 126f ' ̂ V ^ o V " ̂ 14t(lT10ef+1) 'I! 
- t r l s I ( i r 1 0 V l )
4 - Or2 0eb+U
4] - i r ^ - ^ 
-k^+ «„-&*• C22) 17 dn 18 dr? 
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The decomposition rates for the solid are given in terms of 
nth-order Arhenius type relations, written as 
d^fA = W 1 > f , m / f ' m d **Pr - i r 1 1 0 /Cr r 1 0 S f +D] C23) 
T 1 " l r l l l t l - * f , e a 3
n f , e n e x p [ ^ U 2 / C , 1 0 9 f + l ) ] (24) 
" T ^ ' HlsU-^.mx?*'** " » « P t - * U 4 / ( i r 1 0 8 f + l ) ] (25) 
The governing differential equation for the heating 
of the back fabric is given by 
d9b 4 
Sn = '"21 1T229b - ¥ 2 3 ( 7 r 1 0 6 r e b } " • r 24 [ ( , T 20 e b + 1 ) 
+ - 2 5 [ ^ 1 0 e £ + r » 4 " ( ' Z O V 1 ) 4 ] " ^ 2 6 ^ ^ 
dXu dA, 
b , e n m b , e x r o . . 
i r „ ——r* + r „ „ —-r2—~ (20 1 
2 7 dn 2 8 dn K J 
where the mass decomposition rates for the back fabric are 
given by 
T 1 " *29(1-Ab)m/
b'nld ^Pt-ZloA^zoV1^ ("3 
It-
d A b , e n 
—Vfr- = ^2 L l ( ; L - X b > e i / b > e n e X P [ - 2 1 2 / ( > 2 0 9 b + 1 ) ] f28^ 
^ 3 ^ * ^ l ^ - V e x ^ ' * * - p [ - , 2 1 4 / ( , 2 0 a b + l ) ] (29) 
Radiative ignition parameters for the set of eight equations 
(22) through (29) are defined in Tables 1 and 2. 
The above system of equations consists of 36 parameters 
for the thermal response of the fabric assembly. The eight 
dependent variables 8£, \£>mi, X f > e n, A f > e x, eb> \h>md, 
A, , and A, were determined by the simultaneous inte-b,en b,ex J 
gration of equations (22) through (29) . Temperature 
response and energy components using McCarter's pyrolysis 
data for a typical assembly are shown in Figures 4 and 5. 
Temperature response and energy components using modified 
pyrolysis kinetics are shown in Figures 6 and 7. Reaction 
kinetic parameters used for these integrations are listed 
in Table 3. 
Destruction time predictions for the front fabric 
were obtained for an igniting and a melting fabric assembly. 
Both heating intensity and inter-layer spacing were varied, 
and the predicted destruction times are plotted in Figure 8. 
Curves A represent ignition time results for an assembly of 
two 1001 cotton fabrics (GIRCFF fabric number 5 front and 
back) using McCarter's pyrolysis data. Curves B represent 
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Table 1. Def in i t ion of Radiative Ign i t i on Parameters, Front Fabric. 
t - * (pf i ) . c r (T . . - T ) / [ a . {1 + T p / ( 1 - p . p. )}Wn] ref ' f , o f , o f s u m °° f , o f ,o b,o f ,o b,o ° 
n i o = ( T f i m~
 T ) / T 
n n = a f [ H x f p b / ( l - p f p b ) ] W0 t r e f / [ ( p S ) f Cf ( T f i 1 > m - T j ] 
" i2 = h i t r e f / [ ( P 5 ) f c f ] 
Hi3 = h2 t r e f / [(p6) f c f ] 
n i 4
 = CT e . F i r o
 T " t . / [(p5) c (T. . - T ) ] 1  f l0° °° ref f f f , i ,m 
n1 5 = a F23 T
4 t [ 1 / e , + 1/e, -1 ] / [(p<5}_ c . (T, - T ) ] 
n z J °° re f 1 b f f f , i , m °° 
i b f,md f , o f,md f f f , i , m 
Hi7 = A i f ; e n ( p « ) f f 0 e f j 6 n / [ ( p « ) f c f ( T f t 1 f B - T J ] 
n>« = A i f , e x C p 6 ) f , o £ f , ex X t ( p 6 ) f C f ( T f , i , m -
T j ] 
1119 = t r e f Kf,md 
" " » = E f ,md
 7 R T» 
K i U = t r e f ^f .en 
n 1 1 9 = E£ / R T l i Z f ,en oo 
-113 = t . K_ 
ref f , e x 
U-llh = E f j e X / R
 Too 
Table 2. Definition of Radiative Ignition Parameters, Back Fabri 
n.n = (T. • - T ) / T 
20 D , 1 ,171 °° °° 
n 2 ) = % [ T f / 0 - P f P b ) ] W 0 t r e f / [ ( P 6 ) b cb ( T b ! . > m - T J ] 
n22 = m t r e f ( T f ; i ) m - T J / [ ( P 6 ) b cb ( T b ) i > m - T J ] 
n2 3 = h3 t r e f ( T f > . j m - T J / [ ( P 6 ) b cb ( T b j i ) m - T J ] 
n2„ = a eb F»- C t r e f / [(pS) fa cb ( T b j i ) l n - T J ] 
H25 = a F23 T " t _ ( l /eH . + 1/e. -1) / [ ( p s ) . c. (T. . - T ) ] 
" ^3 » re f 1 b b b b, I , I I I «• 
n26 = A ib,md C p 6 ) b,o £b,md ' [ ( p 6 ) b cb ( T b , i ,m " T J ] 
n ? ? = Ai U ) e / [ (p f i ) C (T - T } ] 
2 / b,en b,o b,en b b 0,1,171 
floo = Ai , (p6), eL / [ ( p f i ) , C, (T. - T ) ] 
2 8 b,ex b,o b,ex b b b,i,m 
2 9 ref b,md 
"210 = E b, m d '
 R T~ 
n 9 1 1 = t x K, 
2 1 1 ref b,en 
no io = E. / R T 
2 1 2 b,en " 
n 2 i 3 = t r e f K b j S X 






Figure 4. Temperature Response Using McCarter's Pyrolysis 
Data (Table 3, GIRCFF fabric number 5 front 
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Figure 5. Energy Components of Moisture Desorption, Pyrolysis, 
and Exothermic Reaction (Using McCarter's pyrolysis 
data in Table 3 for GIRCFF fabric number 5 front 
with fabric number 5 rear) 
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Figure 6. Temperature Response Using Modified Pyrolysis 
Data (Table 3, GIRCFF fabric number 5 front 
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Figure 7. Energy Components of Gas Phase Reactions Using 
Modified Pyrolysis Data (Table 3, GIRCFF fabric 
number 5 front with fabric number S rear) 
Table 3. Reaction Kinetics Parameters Used in the Numerical Solution 
{GIRCFF fabr ic number 5 a f te r Reference [ 5 ] ) . 
Moisture Desorption: 
(Ai) = 101.6 Ws/g " 1 6 = 0.2254 
£ = 4.28 % n i9 = 1.03 x 101 4 
K = 4.88 x 101 3 1/s 11 ]. 1 0 = 39.75 
n = 2.6 
E = 97.4 kWs/g mole 
Endothermic Pyro lys is , McCarter's Data: 
(Ai) = 83.74 Ws/g 
£ = 50.0 % 
K = 9.54 x 101 2 1/s 
n = 1.1 
E = 219.5 kWs/g mole 
n 1 7 = 0.0444 
Hi l l = 2.02 x 10 l i + 
n ] 1 2 = 89.49 
Endothermic Pyrolys is, Modified Kinet ics : * * 
(Ai) = 2.00 kWs/g n 1 ? = 2.161 
£ = 50.0 % n-ui • 2.02 x TO14 
K = 9.54 x 1012 i /s Hu2 • 57.07 
n = 1 . 1 
E = 140.0 kWs/g mole 
Exothermic Reaction: 
d) = 14.78 kWs/g nis = 32.79 
£ = 45.7 % nn3 - 1.94 x 10 1 0 
K = 9.20 x 109 1/s Cllt* = 58.13 
n = 1.6 
E = 142.6 kWs/g mole 
* Reduced by Reference [4] from the data of Dr. McCarter of NBS. 
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Figure 8. Predicted Destruction Times for the Front Fabric 
from the Numerical Solution for Radiative 
Heating (Curves A represent GIRCFF fabric number 
5 front with fabric number 5 back, curves B 
represent fabric number 2 front with fabric 
number 5 back) 
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melting time results for an assembly of a 100% polyester 
as the front fabric (GtRCFF fabric number 2) with fabric 
number 5 as the back fabric, 
Several observations are made from the numerical 
solution for radiative heating. First, the ignition tempera-
tures predicted from the numerical solution for the cotton 
fabric indicates an ignition temperature somewhat higher 
than that obtained using the Setchkin furnace [4,5]. By 
taking ignition to occur at the intercepts of the inert 
heating region and the thermal excursion, an ignition 
temperature of 355°C is obtained for GIRCFF fabric number 5. 
This is 41°C higher than the reported ignition temperature, 
A second observation is the significance of air gap 
on destruction time. From Figure 8 it is seen that fabric 
destruction time is longest at the smallest gaps. This is 
attributed to the increase in convection film coefficients 
h9 and h,, and convected flux, at decreasing air gap. 
A third observation is the significance of endothermic 
gasification upon the fabric ignition time, as shown in the 
temperature responses of Figures 4 and 6, Figure 4 was 
obtained using McCarter's pyrolysis data, for which the 
pyrolysis mass fraction reached a value of only 0.0001 by 
the time of ignition. The insignificance of pyrolysis in 
Figure 4 is attributed to the fact that the reported activa-
tion energy is 50% higher than that for the exothermic 
reaction and that the reaction enthalpy for pyrolysis is 
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only 0.5% of that for exothermic reaction. Physical 
observations indicate that endothermic reactions are 
significant prior to combustion. Thus it is reasonable to 
assume that the activation energy for pyrolysis is actually 
lower than that of the exothermic reaction. Also, reaction 
kinetics data for other pyrolysing solids indicate that the 
reaction enthalpy of gasification is of the order of 0.05 
to 0.08 of the reaction enthalpy of exothermic reaction. 
Thus the reported reaction enthalpy is thought to be unreal-
istic, and a higher value is approximated from the exothermic 
reaction data of Reference [5], The inherent difficulties 
in measurement of reaction kinetics have been discussed by 
Tesner [20]. The modified pyrolysis data are presented in 
Table 3. 
This completes the radiative ignition time analysis. 
Equipment and procedures used to measure the assembly 
destruction times are presented in the next sections. 
Experimental Measurements 
The purpose of the ignition time tests is to relate 
the exposure time to a known heat flux, to the probability 
of fabric ignition. An apparatus was required to expose a 
fabric assembly to a constant intensity heat flux with 
instrumentation capable of detecting ignition and measuring 
the ignition time. 
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Apparatus and Instrumentation 
The Radiative Ignition Time Apparatus (RITA) was 
used to expose 2.54 cm diameter fabric samples to a variable 
intensity heat flux of between 0.25 and 20.0 W/cm , with 
transient response in exposure on the order of 0.02 seconds. 
This apparatus has been used in previous ignition studies 
to obtain radiative ignition times on single fabrics, and 
complete details of this equipment are available in References 
[4,5]. 
The apparatus consists of a radiant quartz lamp 
heater, Model Number 5208-5 from Research, Inc., and a 
mechanical shutter system for the rapid exposure of the sample 
to the heater. Humidity and temperature of the environment 
were controlled by a thermostatically and psychrometrically 
regulated chamber built by Environair Systems, Inc., which 
houses the RITA, and is shown in Figure 9. Ambient tempera-
ture and relative humidity were regulated automatically to 
within ± 0.2°C and ± 21, respectively. The apparatus 
assembly inside the environmental chamber is shown in 
Figure 10. 
Existing fabric holders were used for the fabric 
assembly ignition tests. Aluminum spacing rings were 
fabricated to separate the fabric layers and were 0.159 and 
0.318 cm thickness (±0.002 cm). A spacing ring and fabric 
holder are shown in Figure 11. 




Figure 9 . Environmental Chamber and 
Ancillary Equipment. 
Figure ]_ 0 Radiative Ignition Time 
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Figure 11. Cross-Sectional View of the Fabric Assembly Holder 
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heater to equilibrium temperature just prior to exposure, 
while keeping the fabric isolated, and then opening the 
shutters to suddenly and completely expose the fabric to the 
radiant heater. The thermal response of the fabric system 
was then monitored for the occurrence of ignition or 
melting. 
The time-temperature history was recorded using a 
Textronic dual beam oscilloscope, Model Number 502A, on 
Polaroid film. For igniting fabrics, the front fabric was 
monitored by an infrared detector, Model Mark 1 Infrascope 
by Barnes Engineering. The back fabric was monitored using 
a Temptron Infrascope, Model IT-7310. For melting fabrics 
the response of the total system was monitored by using 
simply the Barnes Infrascope, For ignition detection of 
the front fabric a mirror was employed, Kerr Dental Supply 
Type 5C, and was supported near the front surface. The 
mirror and infrascope orientation are shown in Figures 12 
and 13. 
Preheat time for the heater was controlled by a 
mechanical timing mechanism. A Hewlett-Packard VTVM, Model 
Number 500-H, was used to measure idle heater voltage. 
Calibration of incident heat flux and preheat time for given 
voltage were obtained from Reference [4]. A schematic of 
the instrumentation is shown in Figure D3 in Appendix D. 
Testing procedures used in the measurement of ignition 
and melting times are discussed in the next section. 
M i r r o r 
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Figure 13. Schematic of Experimental Arrangenent for Ignition Test on Fabric Assemblies 
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Experimental Procedures 
The procedures followed in the determination of 
fabric destruction time consisted of the preparation and 
preconditioning of the fabric, and the exposure of the fabric 
sample to the radiant heater until the occurrence of ignition 
or melting. The heating and destruction processes were also 
observed visually. Destruction time of the igniting fabrics 
was determined by the occurrence of a luminous flame, whereas 
the melting fabrics were considered destroyed when the fabric 
structure decomposed and melt-through occurred. 
Ambient test conditions were controlled by conducting 
the radiative tests inside the environmental control chamber. 
The desired test conditions of 22°C and 30% relative 
humidity were set on the Honeywell control unit (shown in 
Figure 9) and maintained automatically. Chamber temperature 
and relative humidity were measured using wet and dry bulb 
thermometers. 
Fabric specimens were prepared from material selected 
and furnished by the GIRCFF. One and one half inch (3.81 cm) 
diameter pieces were cut from large sheets by means of a 
circular die which yielded cleanly cut samples of appropriate 
size for the fabric holder. The samples were stored in the 
environmental chamber at the desired ambient testing condi-
tions for a minimum period of 24 hours prior to testing to 
insure properly preconditioned moisture content and tempera-
ture. 
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The basic operating principles of the RITA were 
discussed in the previous section. The proper idle heater 
voltage for the desired heat flux, and the proper preheat 
time (for the heater to reach equilibrium before shutter 
opening) were set. For igniting front fabric tests, the 
Barnes infrascope was positioned and focused on the front 
fabric through the rr.irror, as shown in Figure 13. The 
Temptron infrascope was positioned to the rear of the 
environmental chamber and focused on the back fabric. For 
a melting front fabric, no significant response was obtained 
from the front infrascope. Thus destruction and melt 
through were determined by the use of a single infrascope 
(the Barnes) located directly behind the back fabric and 
in line with the heater. The shutter mechanism was cocked 
and held in place by the release solenoid. 
The preconditioned fabric pair was placed in a clean 
fabric holder, separated by the appropriate spacing ring, 
or in the case of zero gap tests, after the two fabrics had 
been gently pressed to insure initial contact. The fabric 
holder was then mounted on the holder support behind the 
shutter. After allowing proper warmup time for the infra-
scope amplifiers and the oscilloscope, the firing sequence 
was initialized. The heater was turned on and the shutter 
released automatically by the timing device once heater 
equilibrium was reached. Opening of the shutter contacted 
with the microswitch which in turn triggered the oscilloscope. 
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The emf output of the infrared detector as a function of 
time was then recorded on Polaroid film. 
Visual observation of fabric heating and destruction 
was made from inside the control chamber. Relevant events 
in the heating process such as the start of pyrolysis and 
the occurrence of ignition or melt-through were timed with 
stopwatches for later correlation with the oscilloscope 
trace. Ignition and flame occurrence, as well as the decompo-
sition of the fabric, were observed from the plane of the 
fabric. Observation of melt - through was made through the 
mirror. 
Test data and its reduction are presented in the 
next section. 
Data Reduction and Results 
Destruction times were obtained from the oscilloscope 
traces of infrascope emf. Ignition tests recorded the 
heating history of the front and rear fabrics. Melting time 
tests recorded the transmitted flux of the heater through 
the assembly. Ignition times were determined from the 
intercept of the tangents of the inert heating region and 
the exponential rise due to the onset of combustion. 
Melting times were determined from the intercepts of the 
tangents of the inert heating period and the sudden rise in 
transmitted flux due to the melt through of the fabric. 
Destruction time was determined as the ignition or melt 
through of either front or rear fabrics, and for the 
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combinations tested, was that of the front fabric. Sample 
oscilloscope traces for ignition and melting tests are shown 
in Figures Dl and D2 of the Appendix, respectively. 
The reduced data obtained from the destruction time 
tests were the destruction time, t. , the total incident 
1 »m 
heating intensity, W , and the air gap, G. Ignition time 
and heating intensity were normalized by equations (18) and 
(19) to permit correlation with previous radiative ignition 
time studies. 
A total of 143 tests were conducted on the RITA to 
determine the interaction of two parallel fabric layers. 
Tests were designed to examine the effects of variable 
heating intensity and variable inter-fabric spacing upon 
the fabric assembly destruction time. The five heating 
2 
intensities were 6.5, 7.6, 9,25,, 13.8, and 16.2 W/cm . 
Fabric spacing was set at 0.00, 0.159, and 0.318 cm. 
The combination of fabric number 5 front with fabric 
number 5 back was used for the majority of the tests to 
determine the effects of gap and heating intensity upon 
ignition time. A sample test data sheet is presented in 
Figure Dl of the Appendix. A statistical summary of these 
tests is presented in Table 4, in which t. is the mean * ' I ,m 
destruction time of the front fabric and s is the sample 
variance. Results for this combination are presented in 
Figure 14. 
Tests were conducted on the combination of fabric 
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Table 4. Summary of Fabric Assembly Ignition Tests 








Gap Number of Tests t. 
i ,m 
s 
cm s s 
0.000 5 28.45 0.609 
0.159 9 22.34 0.945 
0.318 4 22.94 0.740 
0.000 1 22.50 — 
0.159 - 17.50 — 
0.318 7 17.65 0.747 
0.000 10 15.08 0.225 
0.159 5 13.00 0.526 
0.318 8 12.54 0.713 
0.000 1 11.10 — 
0.159 9 8.21 0.406 
0.318 :: 7.50 0.207 
0.000 " 8.80 — 
0.159 1 6.16 — 




Figure 14. Ignition Time of the Front Fabric as a Function 
of Spacing (GIRCFF fabric number S front with 
fabric number 5 back, open points designate 
previous single fabric ignition times [5]) 
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number 2 front with fabric number 5 back to determine the 
interaction of a synthetic and a natural fiber material 
under radiative heating. A sample test data sheet is 
presented in Figure D2 of the Appendix. Melting times of 
the front fabric for this combination are shown in Figure 15. 
Normalized destruction time measurements for the front 
fabric are presented in Figure 16. Curve A represents an 
inert heating model (without convective or radiative losses) 
for a composite assembly. Curve B represents the numerical 
solution for the heating of two fabric number 5's at G = 
.318 cm, using McCarter's pyrolysis data. Curve C represents 
the numerical solution for the heating of two fabric number 
5's at G = .318 cm, using the modified pyrolysis kinetics. 
Numerical values of the reaction kinetics used to obtain 
curves B and C are listed in Table 3. 
Discussion of the ignition and melting time results 
is presented in the next section. 
Discussion of Results 
Destruction time data for the front fabric is shown 
plotted in Figures 14 through 16. From Figure 14 it is seen 
2 
that at heating intensities greater than about 8 W/cm the 
ignition time of the fabric assembly is longer than that for 
a single fabric, by as much as 100% at the highest heating 
intensity. At low heating intensities, the opposite trend 
is seen, with ignition time occuring sooner by as much as 
so 
Fi.gure 15. Melting rime of the Front Fabric as a Function 
of Spacing (GIRCFF fabric number 2 front with 
fabric number 5 back; open points designate 
previous single fabric destruction times [5]) 
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Figure 16. Front Fabric Destruction Time Data in a Two Fabric 
Assembly Correlated with Various Analyses (Curve A 
is inert heating without, convection, curve B is 
the numerical solution using McCarter's pyrolysis 
data, and curve C is the numerical solution using 
the modified pyrolysis kinetics, all computed 
for fabric number 5 front with fabric number 5 
back at G - 0.318 cm) 
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50% at the lowest heating intensity. 
For the fabric combination of the polyester fabric 
with the cotton fabric behind it, destruction of the 
polyester fabric is now possible at a heating intensity of 
2 
6.5 W/cm , whereas for a single layer of the polyester it 
was not. The general experimental trends appear very similar 
Cor both assemblies of two cotton fabrics (GIRCFF fabric 
number 5 front and back) and of polyester (fabric number 2) 
front with fabric number 5 back. 
In comparing destruction time data for both combina-
tions it is noted that at heating intensities greater than 
2 
13 W/cm the destruction times are longer than the destruc-
tion times obtained for single fabrics. As the gap increases 
at these high fluxes the destruction time decreases slightly, 
showing the decreased convective interchange between front 
and back fabrics. 
2 
At moderate fluxes of 9.2 5 W/cm the ignition time 
increases at the very small gap and then decreases to a 
time close to the ignition time of the single fabric. This 
is best explained by the decrease in convective fluxes with 
distance, as at small distances convective interchange is 
greatest, and front fabric destruction time longest. As 
gap increases however, convection decreases but the effect 
of rereflectivity and radiation do not. Consequently, 
destruction time decreases. At moderate heating fluxes and 
small gaps, rereflectivity is very nearly balanced by the 
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increased convective losses. 
At low heating intensities destruction time for the 
front fabric is reduced by 30% for the case of two fabrics 
number 5. Destruction is now made possible in the case of 
the pair of 2 and 5 when it would not be possible for single 
fabric number 2. Both fabric combinations show that minimum 
ignition time occurs for a gap of approximately .159 cm, 
with an increase in ignition time as gap increases from .159 
to .318 cm. This conclusion is consistent with both fabric 
pairs tested, but is in variance with predicted trends. 
Assuming that the differences in ignition time are statis-
tically significant, this discrepancy is attributed to mass 
convection of pyrolysate gases which was neglected in the 
problem formulation. It is anticipated that the mechanics 
of gas flow are most significant at lower heating intensities. 
Statistical analysis of ignition data indicates that 
the uncertainty associated with multilayer test are no greater 
than those associated with single layer fabric ignition 
tests. A statistical summary is presented in Table 3. 
Typical variance for single fabric ignition tests is reported 
to be approximately 51 [5], For composite assembly tests it 
varies from 0.9% for high intensity to 3.6% for the low 
intensity. 
It is noted that for the fabric pair of numbers 2 and 
5 that destruction is possible at a lower incident heat flux 
than is possible for the single fabric number 2. This can 
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be directly attributed to the increase in total absorbed 
heat due to the rerefLection of the rear fabric, which for 
combination of 2 and 5 amounts to a 171 increase. For air 
gaps greater than .159 cm convective losses from the front 
fabric are also reduced by 25% due to the insulating effect 
of the rear fabric. 
Comparison of experimental and analytical results 
indicates that ignition occurs later by a factor of three to 
four. This result is similar to previous attempts to use 
a surface ignition criterion for fabric ignition. Experi-
mentally, ignition was observed to occur in the gas phase, 
sometimes at the solid surface and sometimes completely in 
the gas phase (depending upon heating intensity). Mass 
transfer of decomposition products has been shown to be a 
significant heat transfer mechanism for intense radiative 
heating [21]. However, predicted trends have been experi-
mentally obtained although the ignition simulation is not 
completely valid. 
Normalized destruction time data is compared with 
previous single fabric destruction times in Figure 16. It 
is seen that the fabric assembly tests fall in the same 
general range as the single fabric tests. It can also be 
seen that for the range of heating intensities used, the 
lower limits of minimum heating intensity required for an 
ignition were not obtained. This is due to the fact that 
fabric assemblies ignite at lower heating intensities than 
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do single fabrics. It is also noted that in general 
melting fabrics have shorter destruction time than igniting 
fabrics. 
From a comparison of melting time data for single 
layers of polyester, and assemblies of polyester with a 
cotton fabric behind it, no significant differences are 
noted. There is apparent thermal interaction between fabric 
layers of the assembly as predicted in the analyses, but 
there is no evidence of chemical interaction between fabric 
layers. At present there is no published data with which 




The two problems associated with the overall fabric 
fire hazard studied in this investigation are the ignition 
of multi-layer systems and the ignition of fabrics exposed 
to a flame. The purpose of this chapter is to measure and 
assess the effects of fabric orientation with respect to 
the flame on the ignition time of single fabrics exposed to 
a flaming heat source. 
The geometry of interest is the edge exposure to a 
premixed combusting gas jet. Parameters to be assessed 
include angle of impingement and variation of heating 
intensity. Edge impingement to a gas flame is anticipated 
to yield higher heating rates than previously studied. 
Results will be correlated with previous flame ignition time 
studies, 
Modeling Analysis 
The purpose of the modeling analysis is to determine 
the governing relations and parameters which describe the 
edge ignition of fabrics. The response of the fabric under 
convective heating is required for the prediction of the 
fabric ignition time. For the general model shown in 
Figure 17 the equation for lumped parameter conservation of 
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g i o n 
Core 
B l a s t Type 
B u r n e r 
Figure 17. The Geometry of Fabric-Flame Interaction 
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energy under gas flame heating may be written as 
(P6)c 3Y
 = 2 h
c CTg-T) 2 o e F (T
4-^ 4) 
&imd ^ m d - Aien ^ e n + Aiex & » < ^ 
where 2n~ is the mean front and back convective film coeffi-
cient, T is the flame temperature, and the energy components 
have been described previously in the radiative ignition 
analysis of Chapter II. Reaction rates for moisture desorp-
tion, pyrolysis, and exothermal combustion are described in 
terms of nth-order Arhenius type relations, as given by 
equation 
^ = K(l-A)n exp(-E/RT) (3) 
Equation (30) may be simplfied through physical 
considerations. The exothermic reaction, together with its 
ensuing thermal feedback to the fabric, are neglected 
because of the energy evolved during oxidation is overwhelmed 
by the heat supplied to the fabric by the gas flame. Also, 
for the case of low humidity, it is reasonable to neglect 
moisture desorption. It has been shown that for high 
heating rates that radiative cooling may be neglected with 
an associated error of approximately 5% [5]. Thus for the 
case of high convective heating the conservation of energy 
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equation may be written as 
(p6)c § = 2hc (T -TJ (31) 
where the convective heating coefficient 2h is as yet 
unspecified. 
An ignition criterion for this inert model is the 
attainment of the measured ignition temperatures [4]. These 
temperatures were obtained by heating of fabric specimens 
in a Setchkin furnace. Ambient gas temperature at the time 
of ignition was defined as the ignition temperature. 
The above governing equation may be integrated to 
give the temperature response of the fabric, and its ignition 
time. Direct integration of equation (31) yields 
= 9 exp(-2h t/(p6)c) (32) 
o c 
where 0 is the nondimensionalized initial temperature. 
The ignition time, obtained from equation (32), is expressed 
by 
T -T 
t . = pS c /2E l n [ ^ ° ] (33) 
i ,m H c T e " T i 
The fabric specific mass is assumed to remain constant 
during the preignition heating. The specific heat is 




c = f-^Y- I c(T)dT (34) 
1 ° To 
The key problem associated with the use of this 
ignition model is the determination of the appropriate film 
coefficient to describe the heating rate of the flame. This 
requires modeling of the fabric and the choice of appropriate 
scaling dimensions for the fabric-flame interaction. 
Inspection of photomicrographs of the GIRCFF fabrics 
reveals the randomness of the substructure of the fabrics, 
a fact that makes modeling of the fabric geometry difficult. 
However, the fabrics are characterized by the lengths d, 
the fabric thread diameter, and 6, the fabric thickness. 
The intersticial spacing of the fabric weave is also a 
possible parameter, but is very random. The photographs do 
reveal that the fabrics can be generally classified according 
to weave structure and geometry. 
A first class of fabrics are those for which the 
thread diameter is of the same general dimensions as the 
fabric thickness. These fabrics are not densely woven and 
present the appearance of a fine mesh screen. Fabrics of 
this type are GIRCFF fabrics number 2, 10, 12, 16, and 17. 
A second class of fabrics are those of the same 
general weave as the first group but with a more densely 
packed substructure. These fabrics appear to have flat 
surfaces, and consist of GIRCFF fabrics number 4, 6, 13, and 14 
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A third classification of the fabrics consists of 
those with small thread diameter with respect to the fabric 
thickness. For these fabrics the weave contains intersticially 
looping threads. Fabrics of this class are GIRCFF fabrics 
number 5, 7, and 11. 
From the above generalized fabric descriptions 
several fabric models are considered. First, the fabrics 
which are dense yet thin may be approximated as flat non-
porous slabs. For thicker fabrics which are not well 
approximated by a flat plate, the fabric edge may be 
approximated by a curved body, with burner gases impinging 
normally to it. For a porous fabric, this curved edge is 
approximated by a cylinder of diameter equal to the fabric 
thickness. Fabrics with very random weaves and exposed 
single threads suggest; the possible ignition of the individual 
threads. These can also be approximated by a cylindrical 
body. 
Appropriate heat transfer models for the above fabric 
models will be discussed in the next sections. Determination 
of the appropriate film coefficient depends upon the degree 
to which the model chosen simulates the fabric geometry. 
Thin Inert Fabric Model 
Thin closely woven fabrics may be approximated by a 
flat plate. For forced convection of hot gases flowing 
parallel to a flat surface, the heat transfer rate may be 
obtained from Pohlhausen's equation [22] as 
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KIT = 0,664 ( P r ) 1 / 3 ( R e J 1 / 2 [35) 
x x 
where the Nusselt number denotes heat transfer to both 




Thermal properties are evaluated at the mean gas temperature, 
and may be approximated by those of air [23]. The charac-
teristic length for a fabric approximated by a flat plate 
is the fabric thickness. At distances from the leading edge 
less than the fabric thickness the fabric is no longer 
simulated by a flat plate. 
lieat Transfer to a Blunt Leading Edge 
For thick fabrics at distances from the leading edge 
of order of the fabric thickness, the geometry of the fabric 
model is approximated by that of a curved leading surface, 
The fabric is porous and allows hot combustion gases through 
and around its substructure. The leading edge may be 
thought of as a cylindrical lump of fabric mass, of diameter 
equal to the fabric thickness. Convective heat transfer for 
forced flow of combustion gases normal to a cylinder has been 





where x = 6, and the coefficients B and j are given for 
Reynolds number, as 
1 < Re < 4: B = 0.891 n = .330 
4 < Re < 40: B = 0.821 n = .385 
Nusselt numbers from equation (37) for the above range of 
parameters are between 0.9 and 3.5 [24]. 
Ignition of Individua1 Threads 
Ignition of fabric edges exposed normally to a flame 
introduces the problem of heat transfer to the fabric 
substructure. If the fabric is tightly woven, the fabric 
mass with which the flame gases interact is a fabric lump 
which was approximated by a cylindrical fabric mass in the 
previous section. Depending upon the fabric weave, howrever, 
the individual threads of the substructure of the fabric 
may be directly exposed to the flame gases, in which case 
the ignition of single threads may trigger ignition of the 
fabric. 
Heat transfer to a thread may be calculated for flow 
about a cylinder, using equation (37) with x = d to obtain 
the film coefficient. Eiquating the heat transferred by 
convection to the sensible heat storage of the fabric gives 
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217 -TT-d- (T -T) - m-c S (38) 
c e at 
where m is the mass per unit length of the fabric thread. 
Integration of equation (38) gives the destruction time 
c(T- -T) 
tj B - £ • —
t - * - J L (39) 
i,m d 2 F ( T - T ) 
c1- g J 
where it is assumed that specific heat is independent of 
fabric geometry'. The three fabric models described will be 
used to predict convective film coefficients for the reduction 
of ignition time data. 
This completes the modeling analysis. Apparatus and 
equipment required for the measurement of ignition times 
will be discussed in the next section. 
Experimental Measurements 
The purpose of the ignition time tests is to relate 
the exposure time to a flaming heat source to the probability 
of fabric ignition. Measurements were required to specify 
fabric thread properties and to characterize the heat source. 
An apparatus was required to expose fabric samples to a known 
convective heating intensity with instrumentation capable 
of detecting ignition and measuring the ignition time. 
Apparatus and Instrumentation 
The Convective Ignition Time Apparatus was used to 
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expose fabric samples to a convective heat source with 
transient response in exposure on the order of 0.02 seconds. 
The CITA has been used in previous ignition studies to obtain 
convective destruction time measurements on fabrics exposed 
to the flaming heat flux source with normal impingement at 
the center of the fabric [5,6,16]. 
The operating principles of the CITA are as follows. 
A fabric sample, or fabric simulant, is suddenly and 
completely exposed to a stabilized flame by the separation 
of two pneumatically controlled copper shutters. Compressed 
air is supplied to the two air cylinders which are activated 
by solenoid valves. Exposure of the fabric is permitted 
through a six inch hole in the base plate of the apparatus. 
To prevent preheating of the sample the shutters are water 
cooled, and overlap to permit their acceleration before 
initial separation. The shutter system with air cylinders 
and solenoid valves is mounted below the base plate, and is 
shown in Figure 18. Associated instrumentation is shown in 
Figure 19. A supporting superstructure with a fabric 
holder support and positioning rod is used for positioning 
the fabric sample, or simulant, above the burner. The 
superstructure and support for the fabric are pictured in 
Figure 20. 
Convective heating is provided by a blast type burner, 
Fisher Scientific Company, No. 3-910-5. The burner was 
modified by totally blocking the air ports and providing the 
Figure 18. Lower Structure of CITA with 
Burner in Position. 
Figure 19 < Eecording Instrumentation, Flow 









Figure 20. Experimental Arrangement of Test Section for Ignition 




air to the burner from the compressed air supply in the 
laboratory (see Figure 19). The burner exit nozzle was 
fitted with a course screen to promote mixing, and has an 
exit diameter of 37 mm. This burner provides a premixed 
air-methane flame with a usable mixture flow rate range of 
200-2900 g/h. Calibration of the flow meters for the air 
and methane flows were obtained from Reference [5]. 
A fabric holder was designed to accommodate fabric 
rotation about the horizontal axis, from 0° to 90° from the 
horizontal, and to expose the fabric edge to the flame. The 
holders were machined out of aluminum bar stock, and one is 
shown in Figure 21 with the clevis and support rod of the 
CITA. A 7.5 x 7.5 cm fabric sample is mounted between two 
3.2 mm niconel rods with the lower edge exposed to the center 
of the flame. The rods are adjustable to provide uniform 
tension on the fabric sample without causing distortion to 
the fabric structure. 
A fabric simulant of stainless steel was used to 
measure the convective heating rate of the burner. This 
was accomplished by measuring the thermal response of the 
simulant, as indicated from a thermocouple bead attached to 
the simulant, upon sudden exposure to the gas flame. 
The fabric simulant consisted of a 200 mesh stainless 
steel screen fitted between asbestos insulation rings in a 
circular stainless steel holder. The holder afforded a 
43 mm exposed straight edge of the screen. A stainless steel 
Support Rod 
C l a m p 
F a b r i c 
A t t a c h m e n t 
Rod 
C l e v i s 
Figure 21. Sample Holder for Edge Ignition Tests 
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screen was cut to a three inch diameter circle (±0.015 inch) 
and weighed on a Christian Beckers Analytical Balance 
(±0.0006 gram). From these measurements the specific mass 
of the screen was determined. A 0.006 inch diameter 316 
stainless steel wire, identical to the wire of the screen, 
and a 0.005 inch diameter constatan wire were welded to 
the screen so that the screen-constatan wire weld formed the 
thermocouple junction, The thermocouple weld was located 
at a specified distance from the exposed screen edge. The 
screen was mounted between asbestos rings in the stainless 
steel holder. The asbestos and the stainless steel screen 
were trimmed to yield a straight 43 mm exposed edge. 
Calibration of the thermocouple junction was obtained from 
Reference [5]. 
Fabric ignition was detected by the electrical output 
of an infrared detector, Model Mark 1 by Barnes Engineering, 
focused on the leading edge of the fabric sample. The 
infrascope measured the temperature response of the sample. 
A chromel-alumel thermocouple was placed behind the fabric 
on the 0 and 30 tests to give a secondary indication of the 
ignition. 
Thermal response of both fabric and stainless steel 
screen were recorded on a dual beam Textronic oscilloscope 
(Model 502A). The electrical output of the infrascope 
amplifier (for ignition tests), or the output of the 
SS-constatan thermocouple junction (for film coefficient 
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tests) was displayed on the oscilloscope. Triggering was 
provided by a microswitch which was actuated by the initial 
separation of the shutters. The heating history was recorded 
on film using a Polaroid camera attachment to the oscilloscope. 
Supporting instrumentation included metering for the 
burner flow, and temperature measurement of the gases. 
Methane flow was measured by a Brooks flowmeter, tube type 
R-2-15-B, with a glass float, and delivery pressure was 
measured with a U-tube mercury manometer. Air flow was 
measured on a Metco flowmeter, using a glass float, and the 
pressure measured on a U-tube manometer. The flow meter 
calibrations were obtained from Reference [5]. Two-pen 
Mosely Hewlett-Packard chart recorders (Type 7100B) recorded 
the premixed gas temperatures. A Leeds-Northrup potentiometer 
was used to measure the reference temperature of the 
stainless-steel screen prior to film coefficient tests. 
Procedures folIox\red in the experimental determination 
of film coefficients and the measurement of ignition times 
are presented in the next section. 
Experimental Procedures 
The procedures required in the determination of fabric 
ignition time under connective heating were the charac-
terization of the burner, the measurement of film coefficients, 
the preparation of the fabric samples, and the measurement 
of fabric ignition time under specified heating. Film 
coefficent data was required for the specification of the 
11 
convective heating of the burner. 
Measurement of Fabric Thread Properties. For 
analysis of the ignition of single threads the measurement 
of thread specific mass and diameter was required. Threads 
of six inch lengths were weighed on the analytical balance 
and the length recorded. Thread diameter was measured with 
a micrometer. 
Characterization of the Heat Source. The convective 
heat source was characterized in terms of the burner 
velocity and temperature profiles, the mass flow rate, the 
stoichiometric equivalence ratio of the combustion, and the 
arrival time of the flame to reach the fabric after complete 
separation of the shutters. Temperature profiles were 
measured with a chromel-alumel thermocouple suspended in the 
flame from the CITA superstructure with the burner in place 
below the base plate. The thermocouple output was recorded 
on the Hewlett-Packard chart recorder. 
Arrival time of the flame to reach the fabric after 
shutter separation was required to determine correct exposure 
time. This time was calculated from the response delay in 
the film coefficient tests, and times were determined as a 
function of inclination angle and burner flow rate. 
Geometric similarity between screen and fabric assures 
correct delay times. 
Measurement of Convective Film Coefficients. Convec-
tive film coefficients which describe the fabric flame 
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interaction are determined from the thermal response of an 
inert wire cloth which simulates the fabric geometry. The 
screen was exposed to the same convective heat flux source 
[the Blast Type Burner) as used in the fabric ignition tests. 
Conservation of energy for the convective heating of the 
screen gives the following expression for the convective 
heat transfer coefficient, 2h 
' • , 
,:ps)s S s ( d V d t ) Kc " (T Pf ) S ^ 
^ g S} 
where (p5)s is the specific mass of the screen, c is the 
p, s 
specific heat of the screen, T is the screen temperature, 
and T is the gas flame temperature. Radiation does not 
g 
appear in this expression since the film coefficient, 
assumed to be temperature invarient, is evaluated at the 
initial screen temperatures at which the net radiative 
losses are negligible. Using the screen as one of the two 
dissimilar metal components of a thermocouple junction allows 
the direct measurement of the thermal response of the screen 
to the heat source. The determination of the film coeffi-
cient as defined by equation (40) requires the measurement 
of T , Ts, and fdTs/dt). 
Convective film coefficient tests were conducted 
using CITA writh the stainless steel screen described in the 
previous section. The stainless steel screen was first 
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positioned at a height of three inches above the burner with 
the leading edge centered with the vertical axis of the 
burner. The height was measured with the burner in place 
with the shutters open, and the angle was set by means of a 
level. The shutter system was pressurized. The functioning 
of the infrascope and oscilloscope (which were turned on 
earlier to allow warm up) were set and checked. The burner 
was then ignited outside of CITA and the flow and pressure 
regulated to calibrated flow conditions of 1260 g/h or 
2175 g/h and an oxygen rich mixture (stoichiometric equiva-
lence ratio of $ = .86 ± .01) as given by Reference [5]. 
The reference voltage of the screen thermocouple junction 
was recorded using a Leeds-Northrup potentiometer. The 
burner was then placed under the water cooled shutters, the 
camera shutter was opened, and the CITA shutter solenoids 
activated. As the shutters separate, a microswitch detects 
separation and triggers the oscilloscope. 
Following the initial heating period, the burner was 
removed from beneath the screen to prevent excessive heating 
of the screen. The Polaroid picture was developed and saved, 
and the CITA made ready for the next run. 
Fabric Ignition Time Measurements. Edge ignition 
time measurements on fabrics utilized CITA in a similar 
manner as the film coefficient tests, with the exception 
that the oscilloscope recorded the output of a Barnes 
Infrascope which monitored temperature of the fabric edge. 
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Fabric samples were prepared from material provided by the 
GIRCFF. Samples were cut to a 3 x 3-1/4 inch rectangle, and 
the ends attached to the support rods by means of a thin 
cotton thread running the length of the rod. The leading 
edge of the fabric sample was trimmed with scissors to a 
straight line, free from exposed single threads. The fabric 
was then placed between the base and bracket and secured 
in place at a uniform but unstretched tension. The fabric 
in the holder was placed in a dessicator for a period of no 
less than 20 hours prior to testing to insure moisture 
content of less than 5%. 
For alignment purposes, prior to testing, an unused 
fabric sample was placed in the desired testing position. 
This was necessary to minimize the amount of time between 
the removal of the sample from the dessicator and the test 
to minimize moisture regain. The height and the centered 
position was determined as in film coefficient tests. The 
infrascope was positioned such that it viewred the fabric 
normally to the fabric surface, and was focused on the 
exposed edge. For 0° and 30° angle tests this required 
positioning the infrascope below the table (as shown in 
Figure 18) at a focal length of 18 inches. For 60° and 90° 
angle tests the infrascope was positioned above the base 
plate (see Figure 20) at a focal length of 24 inches. 
After pressurizing the shutters, checking the instru-
mentation, and stabilizing the burner as for the film 
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coefficient tests, the fabric sample was removed from the 
dessicator and placed in the support clevis at the preset 
height and position. The angle was quickly set by means of 
adjustable screws through the clevis, and by the level. 
The burner was placed beneath the shutters, and the test 
proceeded as for the film coefficient tests with the burner 
left in position until the occurrence of ignition. 
Data Reduction and Results 
The flame measurements and air-methane flow measure-
ments were reduced to a resulting mixture mass flow rate and 
equivalent stoichiometric ratio using the calibrations 
obtained from Reference [5]. Temperature profile measure-
ments were converted from emf output of the chromel-alumel 
thermocouple to equivalent temperatures, and then corrected 
for radiation losses [25]. Velocity profiles were reduced 
from the pressure profile measurements of Wedel [23] , using 
the equation for conservation of momentum, 
V = (2 Ap/p) 1 / 2 (41) 
where V is the free stream velocity, Ap is the gage pressure, 
and p is the fluid density. Temperature and velocity pro-
files for the two flow rates used in the film coefficient 
and ignition time tests are presented in Figures E3 and E4 
of the Appendix. 
The film coefficients were evaluated directly from 
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equation (40), in which c wras evaluated from the calibra-
P >s 
tions of Reference [23], at the mean screen temperature of 
the initial heating period. The gas flame temperature T 
used in this study was the result of averages taken over 
many fabric ignition time tests, as this was a more repre-
sentative value than the single measurements obtained during 
the temperature profile tests. The specific mass of the 
screen (p6) was determined as outlined in the procedures, 
and was found to be .02793 g/cm . The thermal response of 
the screen to the gas flame was characterized by its time-
temperature profile as recorded on the oscilloscope. From 
each emf-time oscillogram 35 to 43 data points were obtained 
and their emf values were converted to equivalent tempera-
tures using calibrations of Reference [23]. The temperature-
time history was plotted, and was found to be very nearly 
linear after the transients associated with the arrival of 
the flame subsided. The screen response was then charac-
terized by passing a first degree, least-square-fit polynomial 
through the linear region. The slope of the equation 
obtained for the linear heating region was used to obtain 
(dT/dt) used in equation (40) . 
The film coefficient tests were conducted at a height 
of 7.62 cm above the burner exit. Burner flow rates used 
were 1260 and 2175 g/h. Impingement angles (measured from 
the horizontal) were 0°, 30°, 60°, and 90°. To assess 
the effects of distance downstream from the exposed edge 
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upon the heat transfer, this distance was varied at 1.0 and 
4.3 mm. Results from these tests are listed in Table 5. 
A sample film coefficient test data sheet is presented in 
Figure E2 of the Appendix. Calculated film coefficients, 
determined from the three models discussed in the modeling 
analysis, are presented in Table 6. 
Fabric ignition times were obtained by the intercept 
of the tangents of the inert heating region and the exponential 
rise due to the onset of combustion. Due to the shortness 
of the ignition times had to be corrected for exposure 
delays, which are tabulated in Table E6 of the Appendix. 
Ignition tests were performed at a height of 7.62 cm above 
the exit of the burner. Flow rates used were 1260 and 2175 
g/h. Angle of impingement was varied at 0°, 30°, 60°, and 
90°. Fabrics tested were GIRCFF fabrics number 5, 9, 10, 
and 4 (all 1001 cotton, and of light and heavy weights), 
and fabrics number 6 and 17 (both 65/35% polyester-cotton 
and of heavy and light weights). Fabric number 6 was tested 
at two flow rates. The ignition time tests are summarized 
in Table 7. A sample ignition test data sheet is presented 
in Figure El of the Appendix. 
Ignition times were normalized by the Fourier number, 
defined by 
(k/6)t 
Fc. = , l{m (18) 
i,m c CP6) 
lrJ 
Table 5. Stainless Steel Screen Convective Film Coefficients. 
cf> = 0.86 43 mm exposed edge L - 7.62 cm 
g/h °C W/cm2-°K 
a = 4.3 mm a = 1.0 mm 
1264 1205 0.00972 0.01161 
1263 1205 0.00963 0.01343 
1261 1205 0.00647 0.01810 
1256 1205 0.01496 0.03058 
2205 1319 0.00842 0.01269 
2204 1319 0.01139 0.01684 
2203 1319 0.01053 0.01966 











Table 6. Calculated Convective Film Coefficients. 
$ = 0.86 i7imix = 1260 g/h L - 7.62 cm 
GIRCFF 6 d 2hc 
Fabric 
Number nr: mm W/cm 2 - °K 
eqn. (37) eqn. (35) eqn, (37 
































Table 7. Summary of Edge Ignition Tests. 
GIRCFF mmi-x inclination t̂  m 




































17 1260 90 0.299 
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Non-dimensionalized heating intensity for the fabric layer 
heating model is defined by 
* 2h 
q„ = — 5 — (42) p 
(k/^^nC^-Xj-) 
a 
where the normalized flame temperature 0 is defined by 
T -T 
, = ̂ ^ (43) 
fo i ,m 
The normalization of data for the ignition of 
individual threads requires the inclusion of the parameter 
(6/d) in the definitions of normalized thread ignition time 
and heating intensity., These are not obtained from the 
governing differential equation for the heating of the 
fabric, but are useful parameters for plotting fabric igni-
tion time data. The Fourier number for the ignition time of 
a single thread is given by 
6 Ck/6)t. m 
Fo- m = 7T r^TTT (44) 
i,m d c (m/dj v J 





where the average, normalized fabric temperature is defined 
/6 dt (46) 
ti,m 0 
Normalized edge ignition time results for fabric number 4 
are listed in Table 8. Normalized test results for the 
other fabrics tested are presented in Tables El through ES 
of the Appendix. 
Edge ignition time results, using the film coefficient 
for the appropriate heating model, are shown in Figure 22, 
correlated with previous results and the inert heating model 
(solid line). Normalized ignition time data for 90° 
impingement tests are shown in Figure 23, reduced by both 
measured and calculated film coefficients. 
Discussion of the film coefficient and ignition time 
tests is presented in the next section. 
Discussion of Results 
The results obtained were the measurement of thread 
specific mass and diameter, the temperature and velocity 
profiles of the burner, flame exposure delays, measurement 
of the convective film coefficient, and the determination 
Table 8. Summary of Edge Ignition Tests on Fabric Number 4. 
GIRCFF Fabric Number 4 (100% Cotton) 
k/fi - 0.01500 W/cm2-°K Fuel: Methane 
c = 1.424 Ws/g-°K cj) = 0 . 86 
oS = 29.63 mg/cm2 Fabric edge = 76 .0 mm 













0° 30 7.62 1260 24.0 1223 ' ,392 2.635 0.521 0.01161 
60° >: 7.62 1259 23.8 1270 , .562 0.240 0.520 0.01810 
90° 3 1 a 7.62 1260 25.1 1242 4 .475 0.124 0.521 0.03058 
90° 31b 7.62 1260 25.1 1242 1. .475 0.124 0.521 0.03217 
90° 31 c 7.62 1260 25.1 1242 4 .475 0.124 0.521 0.05744 
90° 31d 7.62 1260 25.1 1242 4 .475 0.124 0.521 0.06700 
Measured film coefficient. 
Film coefficient from equation (37) with x = 6 
Film coefficient from equation (35) with x = 6 





Figure 22. Normalized Fabric Edge Ignition Time Results 
Compared with Normal Impingement Ignition Times 
(Curve A is the Inert Heating Model, open 
points are previous normal impingement ignition 
times [4,5]) 
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Film Coef f ic ients : 
O Measured 
<3 Eqn. (37), x = 5 
@ Eqn. (35), x = <5 




e 23. Normalized Fabric Edge Ignition Time Results, 
90° Angle Flame Impingement; Curve A is the 
Inert Heating Model 
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of fabric ignition time. 
Thread mass per unit length and thread diameter 
measurements were required for ignition time data reduction. 
The specific mass for single threads of fabrics number 9 and 
4 were found to vary only slightly from specific mass of the 
fabrics themselves. This was due to the dense weaves of 
these two fabrics. Fabrics number 10 and 17 are loosely 
woven and thus specific mass measurements differed signifi-
cantly from those of the fabrics. 
The burner was characterized in terms of the tempera-
ture and velocity profiles. Temperature decreases slightly 
with downstream distance from the burner exit as would be 
anticipated due to entrainment of air into the flow. 
Velocity profiles show that the velocity increases with height 
above the burner, indicating an acceleration of the burner 
gases. Velocity in the potential core of a turbulent jet is 
expected to remain constant for 5 to 8 burner diameters 
downstream of the burner exit [26]. The acceleration of the 
combustion gases in this case is attributed to buoyancy since 
the exit Reynolds number indicates that the flow is not fully 
turbulent. 
Measured film coefficients are listed in Table 5. 
Results for the porous stainless steel screen are lower 
by approximately 30% than heat transfer coefficients 
predicted by Pohlhausen's equation. At low inclination 
angle the location of thermocouple bead has little effect 
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on the measured film coefficient. For 90° impingement 
however, the film coefficient increases 1001 as the bead is 
varied from 4.3 to 1.0 mm from the leading edge. 
Ignition test data indicates that there are two 
distinct types of edge ignition. For tests at 60° or 
greater the characteristic lengths of the heat transfer 
mechanisms are the fabric thickness and the thread diameter. 
For the denser and thicker fabrics these tests yield 
ignition times which are ten times faster than tests at 0° 
and 30°. 
Edge ignition time tests at low impingement angle of 
30° or less are much longer than ignition times for high 
impingement angle. The samples in all of the edge ignition 
tests were centered with respect to the centerline of the 
burner exit. These ignition time results are similar to 
results obtained previously [4,5] for circular fabric samples 
exposed normally to the burner. 
Edge ignition tests correlate well with the inert 
heating model. This is attributed, for the case of 60° and 
90° tests, to the simpler fluid flow and the high heating 
rates. In tests on a circular sample exposed normally to an 
impinging jet, pyrolysate products evolve from the fabric 
and form a boundary layer between the flame gases and the 
fabric. This does not occur for high impingement angles. 
Previous flame orientation tests of Heskestad [8] 
indicated an independence of fabric ignition time with 
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respect to flame orientation and angle of impingement. 
Results from Heskestad's tests were for a diffusion flame 
for which the combusting jet was quite laminar. The effects 
of burner Reynolds number and inclination angle, with 
predictions for heat transfer, have been investigated by 
Perry [27]. For burner flows producing laminar flames, 
Perry's data shows an independence of impingement angle upon 
heat transfer. However, for turbulent jets impinged on a 
flat surface, an increase of three to four times in heat 
transfer may be obtained and impingement angle decreases 
from 90° (normal impingement] to 15°. As ignition times 
are directly related to the convective heating rate, the 
angle of impingement is a significant parameter in ignition 
of fabrics exposed to a flaming heat source. 
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
The objective of this research was to further the 
understanding of the hazard posed by fabric ignition. The 
two tasks studied were first, the interaction of parallel 
fabric layers under radiative heating, and secondly, the 
fabric behavior under edge exposure to a flame. Conclusions 
drawn from these studies are presented in this chapter. 
Conclusions on Fabric Interaction 
Radiative ignition tests were conducted to determine 
the effect of interaction between parallel fabric layers on 
the system ignition time. Incident radiant heat fluxes of 
16.2 to 6.5 W/cm were used. Fabric spacing was varied 
from .318 to 0 cm. The conclusions on the radiant heating 
of parallel fabric layers are discussed next. 
First, the presence of the second fabric introduces 
two new parameters into the heating problem of a single 
fabric. These are the effects of the increased absorbed 
radiant heat due to rereflectivity between the fabric layers, 
and the change in convection between the layers. Both 
analytical and experimental results show the effect of 
rereflectivity in producing a decrease in ignition time, 
proportional to the increase in absorbed heat flux due to the 
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rereflectivity. The net increase in incident radiant flux 
due to rereflectivity makes ignition possible at lower 
heating intensities than is possible for a single fabric 
layer. Convective losses are lowest at large gaps, and thus 
ignition times are shorter as gap increases. At small gaps 
of a few millimeters, the rear fabric serves to increase 
the net convective losses of the front fabric, and results 
in an overall increase in exposure time required for 
ignition. This is most significant at low intensities. 
A second general conclusion is that with the surface 
ignition model, pyrolysis is significant. Visual observa-
tions indicate ignition in the gas phase, and thus give further 
evidence of the significance of mass transfer. 
Finally, from tests on polyester and cotton fabrics, 
no evidence of chemical interaction between fabric layers 
can be drawn. 
Conclusions on Flame Orientation 
Ignition time measurements were conducted on edges of 
fabrics exposed to a flaming heat source to determine the 
effect of flame orientation on fabric ignition. Incident 
2 heating rates of 60 to 10 W/cm were used in the tests. 
Edge heating offers higher heating rates and lower 
ignition times by a factor of four for low impingement 
angles. Transition was noted for tests at 30° and 60°. 
This is due to the flow characteristics of the geometry and 
9 2 
indicates the edge is not significant, but the effective 
heating rate is. 
Conclusions are drawn that at high convective heating 
intensities ignition time results correlate well with inert 
heating predictions. 
Experimental observations indicate that ignition starts 
at very small scale for high impingement angle. This and 
analytical results suggest that the fabric substructure and 
weave are important parameters. Appropriate scaling 
lengths are thread diameter and fabric thickness. 
Recommendations for Further Work 
Test data on the interaction of parallel fabric layers 
under radiant heating was obtained on two fabric combina-
tions. It is recommended that to specify the nature of 
fabric interaction more conclusively that a broader survey 
of fabric combinations be tested. A single heating intensity 
and air gap could be used as reference testing conditions 
for a survey of possible fabric combinations. 
It is also recommended for further work that specific 
fabric pairs be selected and tested to examine the effects 
upon ignition time of the rereflectivity between fabric 
layers and relative difference in heat capacities of front 
and rear fabrics. 
Edge ignition tests have shown the significance of 
fabric substructure upon fabric ignition time. It is 
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recommended that an additional criterion for characterizing 
the flammability of a specific fabric is the flammability 
of individual threads of the fabric. It is recommended 
that tests on ignition of fabric threads be conducted to 




THERMOPHYSICAL PROPERTIES OF GIRCFF FABRICS 
This appendix contains the thermal and physical 
properties of the GIRCFF fabrics tested in this study. 
Property data is obtained from References [4,5] except 
thread thickness and specific mass which were measured 
the laboratory. The reported ignition temperatures of 
Reference [5] were obtained by the heating of fabric 
samples in a Setchkin furnace. 
Moisture desorption data is for 301 relative hum 
thermal conductance data is for a constant pressure of 
528 N/m2. 
Table Al. Property Summary, GIRCFF Fabric No. 2 [4,5]. 
1. Description Fiber Composition: 100% Polyester 
Color: Yellow 
2. Specific Mass Fabric, p5: 7.51 mg/cm2 
-; 
, • 
Thread m:* — m 
Fabric Thickness, 5: 













Temperature, T: 73.0 93.1 124.6 °C 
Conductance, k/S: 20.3 21.0 22.8 mW/cm2-c 
6. Melting Temperature, Tm 259 °C 
7. Infrared Optical Properties 
Original Charred at 134 °C 
Source 3160 °K .6-2.5 Mm 3160 °K 
absorbtivity, a: .164 .153 .175 
reflectivity, p: .560 .501 .582 
transmissivity, T: .276 .346 .243 
Reaction Kinetics 
E.kWs/g mole K,l/s n Ai,Ws/g 
moisture desorp. — — — — 
pyrolysis 363.8 1.04xl02I+ 1.7 389.0 
exothermic react. — — — — 
* measured in this study 
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Table A2. Property Summary, GIRCFF Fabric No. 4 [4,5], 
1 . Description ciber Composition: 100% Cotton 
Color: Navy Blue 
2. Specific Mass Fabric, p<5: 29.63 mg/cm2 
Thread, m:* .4359 mg/cm 
3. Fabric Thickness, 5:* 0.483 mm 
Thread Diameter, d:* 0.157 mm 
4. Specific Heat 
Temperature, T: 50 125 





5. Thermal Conductance 
Temperature, T: 65.2 107.7 





6. Ignition Temperature, T- self: 288 °C pilot: 285 °C 
7. Infrared Optical ProDerties 
Original 
Source 3160 °K .6-2.5^01 
Charred a 
3160 
t 162 °C 
°K 
8. 
absorbtivity, a: .445 .372 
reflectivity, p: .450 .491 








E.,kWs/g mole K, l /s n Ai ,Ws/g 
97.4 4.88xl01 3 2.6 101.6 
~~* measured in this study 
** see GIRCFF fabric no.' 5 
Table A3. Property Summary, GIRCFF Fabric No. 5 [4,5]. 
1. Description 
2. Specific Mass 
3. Fabric Thickness, 6: 
Thread Diameter, d:* 
4. Specific Heat 
Fiber Composition: 100% Cotton 
Color White 
Fabric, p6: 13.71 mg/cm2 
























6, Ign i t i on Temperature , T. se l f ; : 314 °C p i l o t : 306 °C 
7. Infrared Optical Properties 
Source 
Original 
3160 °K .6-2.5 m 
Charred at 162 °C 
3160 °K 
8, 
absorb t i v i t y , a: 
r e f l e c t i v i t y , p: 











E,kWs/g mole K, l /s n Ai,Ws/g 
moisture desorp. 97.4 4.88xl01 3 2,6 101.6 
pyrolysis 219.5 9.54xl012 1.1 376.8 
exothermic react, 142.6 9.20x109 1.6 14780 
* measured in th is study 
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Table A4. Property Summary, GIRCFF Fabric No. 6 [4,5]. 
1. DescriDtion 
2. Specific Mass 
Fiber Composition: 65/35% Polyester-Cotton 
Color: White 
Fabric, p6: 23.57 mg/cm2 
Thread, m:* .5840 mg/cm 
3. Fabric Thickness, £:* 0.330 mm 
Thread Diameter, d:* 0.132 mm 
4. Soecific Heat 
Temperature, T: 
Specific heat, c: 
5. Thermal Conductance 
Temperature, T: 
Conductance, k/6: 
6. Ign i t i on Temperature, T. 









se l f : 412 °C 
Source 
absorb t i v i t y , a: 
r e f l e c t i v i t y , a: 
t ransmiss iv i ty , T : 
8. Reaction Kinetics 
moisture desorp. 
pyrolysis 
exothermic reac t . * * 
Original 
















pilot: 341 °C 







* measured in this study 
** see GIRCFF fabric no. 17 
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Table A5. Property Summary, GIRCFF Fabric No. 9 [4,5]. 
1. Description Fiber Composition: 100% Cotton 
Color: White 
2. Specific Mass Fabric, p6: 26.48 mg/cm2 
Thread, m:* .4940 mg/cm 
3. Fabric Thickness, 6:* 0.661 mm 
Thread Diameter, d:* 0.152 mm 
4. Specific Heat 
Temperature, T: 50 125 200 °C 
Specific heat, c: 1.13 1.45 1.64 Ws/g-°K 
5. Thermal Conductance 
Temperature, T: 69.7 117.4 175.3 °C 
Conductance, k/6: 2.34 2.79 3.62 mW/cm2-°K 
6. Ignition Temperature, 1- self: 302 °C pilot: 294 °C 
7. Infrared Optical- Properties 
Original Charred at 162 °C 
Source 3160 °K .6-2.5 pm 3160 °K 
absorbtivity, a: .113 .146 .242 
reflectivity, p: .681 .623 .627 
transmissivity, T: .206 .231 .131 




E.kWs/g mole K, l /s n Ai,Ws/g 
97.4 4.88xl01 3 2.6 101.6 
206.9 3.07xl02 1 1.4 __-
* measured in this study 
** see GIRCFF fabric no. 5 
Table A6. Property Summary, GIRCFF Fabric No. 10 [4,5]. 
1 . Description Fiber Composition: 100% Cotton 
Color Yellow 




Fabric Thickness, 6 : 
Thread Diameter, d : * 
0.177 mm 
0.058 mm 
Specif ic Heat 
Temperature, T: 


















Ign i t ion Temperature, T i se l f : 437 °C pi le i t : 345 °C 
Infrared Optical Prop er t ies 
Source 
Original 
3160 °K .6--2.5 um 
Charred 
3160 
at 230 °C 
°K 
absorb t i v i t y , a: 
r e f l e c t i v i t y , (5: 













: .,kWs/g mole KJ/s r Ai,Ws/g 
moisture desorp. 89.5 1.77xl012 2.9 101.6 
pyro lys is** 228.3 2.85xl01 3 1.1 367.8 
exothermic react , * * 119.6 2.52xl03 3.2 14780 
* measured in this study 
* see GIRCFF fabric no. 5 
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Table A7. Property Summary, GIRCFF Fabric No. 17 [4,5]. 
1. Description 
2. Specific Mass 
3. Fabric Thickness, 6 
Thread Diameter, d:* 
4. Specific Heat 
Temperature, T: 
Specific heat, c: 
5. Thermal Conductance 
Temperature, T: 
Conductance, k/6: 

























6. Ignition Temperature, T. 
7. Infrared Optical Properties 

















pilot: 376 °C 





E,kWs/g mole K,l/s n 
310.3 1.80xl019 1.6 




* measured in this study 
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APPENDIX B 
INERT HEATING WITH CONVECTIVE LOSSES 
The heating of two parallel fabric layers may be 
approximated by the radiant heating and convective cooling 
of two inert semi-transparent slabs. For the fabric model 
shown in Figure 1, the governing differential equations may 
be expressed as 
CpOf c£ - ^ = af WQ h2(T£-Tb) hl(Tf-TJ (Bl) 
dT<i ft 
t**h Cb IK = % Wo " W T f ) - W
T J t B 2 > 
and further simplified, assuming h2 - h, and h, = h. , to 
Ch2*hl3 h2 af Wo + hlT» 
Tf' (p«) cf
 ff • (P6)f cf
 Tb : (p«)f cf
 (B3;) 
ft 
(h. + h.) h9 a, IV + hnT 
' i + 2 1 T 2 T = b o ^j 
b (P5)b cb 'b (p6)b c"b
 l£ (P6)b cb 
CB4) 
Non-dimensionalized temperatures are defined by 
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A T £ 
= —- - A 
oo 
b T - A. 
(B5) 
(B6) 
where the following parameters are defined for algebraic 
convenience 
A. 




h2 + h1 
•3 "Cp6)£cf+(p6)bcb 
£ 
f o 1 <» 
4 " T ^ h ^ J 
Ac 
a,W + h.T b o 1 c
"TJTVT̂ J 
A 6 • 
A„ = 
A4 + A lA s 
A5 • AXA4 
1 - A 
> CB7) 
Introducing the differential operator, D = d/dt, the 
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equations (B3) and (B4j may be uncoupled to yield 
D2 T* + A2A3 D T* + A2A3
2(1-A1) T* = 0 (B8) 
1)2 Tb + A2A3 D Tb + A 2
A3 2^- A1^ Tb = ° ^ ^ 
The solutions to equations (B8) and (B9) are given by 
Tf = C1 exp(ALt) + C2 exp(A2t) (BIO) 
T* = C3 expC^t) + C4 exp[X2t) (Bll) 
where the eigenvalues are given by 
Alj2 = \ A2A3 [-1 ± fl-4(l-A1)/A2)
1/2] (B12) 
Application of the initial conditions Tr(0) = T^ and 
T| (0) = T M reduces the number of unknown constants by two, 
yielding 
C2 = 1-Ag-^ (B13) 
C4 = X-A7-C3 CB14) 
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Substitution of these expressions into equations 
ft ft 
(BIO) and (Bll) yields expressions for T f and T, in terms 
of two unknowns, C, and C*. Substitution of these expressions 
for temperature into (B3) , in which T £ and TV are coupled, 
will yield the following relation from which C, and C, are 
determined 
t c i^i + xmf^ " TP677^ ^ «pt^i« + 
^ci + A6 - wh + T P - 0 7 3 " (c3 + A7 ~ ^ T ^ ^ ' ^ P ^ 
= 0 (B15) 
Since the parameters in the brackets are not time 
dependent, either the trivial case of zero eigenvalues must 
hold (in which case equation (B15) is time invariant), or 
the values within the brackets must be zero. Thus using the 
two relations from equation (B15), the constants are 
determined, and are given by 
1 h, h?
+ ni n7 
1 A 2 " 1 (P'5)fCf 6' 2 (p<5)fc£ 7 (p<5)fc£
J 
h? + h-. h- _, 
r = [A, + t Is \ [-7--F? ] * C. (B17) 
2 L 1 (p6)£cf
J Lrp6)£cf
 J 1 k J 
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The final solutions for the temperature response of 
the front and back fabrics are given by 
T f = T - [ A 6 + c i e x p ( A l t 3 + c 2
e x P ^ 2 t ) ] C B 1 8 3 
Tb = TJk? + C 3 e x p ( X 1 t ) + C 4 e x p ( X 2 t ) ] (B19) 
A p l o t of e q u a t i o n s (B18) and (B19) f o r t h e c a s e of 
2 
two f a b r i c s number 5 a t 9 .25 W/cm and 0.318 cm gap i s shown 
in F i g u r e B l . 
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T, 
800 Tf , 
r̂ i 
Tb 
4 0 0 
S ^ ^ 
D 
\A / 0 = 9.25 W/c r 
G = .318 cm 




Figure Bl. Temperature Response for Inert Heating with 




NUMERICAL SOLUTION FOR RADIATIVE HEATING 
This appendix contains results of the numerical 
solution of the system of equations which describe the 
radiative heating of two parallel fabric layers. The eight 
equations presented in Chapter II are integrated simultan-
eously using Runge-Kutta integration. Figures CI through 
C5 are for the radiative heating of two fabrics number 5 
(100% cotton) using thermophysical properties from Reference 
[4], with the exception that pyrolysis reaction enthalpy 
and activation energy are varied as specified in the figures. 
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W 0 = 9 . 2 5 W/cm
2 
G = 318 cm 
0 8 10 
Figure CI. Moisture Desorption Rates (Fabric assembly of 
GIRCFF fabric no. 5 front with no. 5 back) 
I l l 
w 
j 
0 " 9.25 
G = -318 
w / c m 2 
cm 
Af | e n / 
A b . e n 




Figure C2. Endothermic Decomposition Rates (GIRCFF fabric 
no. 5 front with no. 5 back) 
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W 0 - 9 .25 W/cm
3 
6 = .318 cm ~ 
Af,ex 
t. 
Figure C3. Exothermic Decomposition Rates (GIRCFF fabric 
no. 5 front with fabric no. 5 back) 
Figure C4. Convective and Radiative Heating Components 
(GIRCFF fabric no. 5 front with fabric no. 5 
back) 
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Figure C5. Variation of Convective Film Coefficients with 




RADIATIVE IGNITION TESTS 
This appendix contains sample data sheets obtained 
for destruction time tests on fabric pairs consisting of 
fabric no. 5 front with fabric no. 5 back and fabric no. 2 
front with fabric no. 5 back. A schematic of the Radiative 
Ignition Time Apparatus electrical circuitry and instru-
mentation is presented in Figure D3. 
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FABRIC ASSEMBLY IGNITION TIME TESTS 
Test No. 7 1 Date j-3 - 7 4 Experimentors Rf\ i C L 
GIRCFF rabric No.: Front # 5 Back -#5 
Gap ,318 cm Idle Heater Voltage T S V 
Incident Heat Flux .__6̂ |[ W/cnr Relative Humidity 31 % 
Front infrascope, 
Upper beam ;o mV/cm 
Back infrascope, 
Lower beam so mV/cm 







Ignition time: _ cm, 23.5 s 
Remar ks : . . _ _ _ „____ _____ ____ 
Visual Observations: -Plâ we. «"t __3___c___j _____ 
Infrascope Trace: 
Figure Dl. Sample Fabric Assembly Ignition Time Test 
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FABRIC ASSEMBLY IGNITION TIME TESTS 
Test No. / 4 2 Date is-10-74- Experimenters R A  
GIRCFF Fabric No.: Front # Z Back # S 
Gap , / S 9 cm Idle Heater Voltage 90 V 
Relative Humidity 2,9 % Incident Heat Flux <?,££> W/crrr 
Front infrascope, 
Upper beam — mV/cm 
Back infrascope, 
Lower beam to mV/cm 





scale 6  
emissivity 1,0 
Ignition Time: ~7. 3 cm, ~7. 3 s 
Remarks: _ ___ 
Visual Observations: igr/i'h'ow, of kac\c -^.Wtc c\~F 23.! secoK^ 
Infrascope Trace: 
Figure D2. Sample Fabric Assembly Melting Time Test 
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CONNECTIVE IGNITION TESTS 
This appendix contains sample edge ignition time 
data, and sample film coefficient data. Reduced ignition 
time data is presented in Tables El through E5. Exposure 
time delays, velocity profiles, and temperature profiles are 
also shown. A schematic of instrumentation circuitry is 
shown in Figure E5. 
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CITA EDGE I G M I T H TESTS 
Test No. 3 2 Date 2 6 - 6 - T 4 Ex pe r i mentors fi/\ 
GIRCFF Fabric No. 6 Sample size 3 * 3 
Inclination Angle 30 Height above burner 
Room Temp, l<i> °F Barometric pressure 28,^4 " Hg R.H. 5 5 % 
Thermocouples: Air i c CH/t Xc Flame cA , . o z o i n . bead 
Flame Temperature so. <i& mV, ;25 9 .z °C 
CH4 
A i r 
Flow Rates 
T(mV) T(°F) p(»Hg) R(d iv ) . R(cfh 
J J.-Z.W2 T 6 . S ( 3 . 0 9 4 . 5 3 - 5 / 6 




2 7 psi 
Upper beam S V/cm 
Lower beam 2 0 mV/cm 
Sweep rate . 2 0 s/cm 
Infrascope scale a 
Emissivity / . o 
Ignition Time: 
Infrascope 
6.z5 cm /.z5" s 
Figure El. Sample Edge Ignition Time Test 
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CONVECTIVE HEAT TRANSFER COEFFICIENT TESTS 
Test No. /3 Date /O-B-74* Exoerimentors RA 
Height above burner 7, G2. cm Inclination angle 7o ° 
TC bead location Lb nm Screen temp >.!€,<? mV, a.q. i °C 
Room temp. _j7G__°F Barometric pressure aq.ofe "Hg Rel. Hum. 63 % 




T(mV) T(°F) P("Hg) R(div) R(cfh) 
L23&B T5.<b 13.T 9 4 . S 3 .51G 






Upper beam 2. V/cm 
uower beam _J, mV/cm 
Sweep rate 2,0 ms/cm 
'igure E2. Sample Film Coefficient Test 
Table El. Summary of Edge Ignition Tests on Fabric Number 5. 
GIPXFF Fabric Number 5 (100% Cotton) 
k/5 = 0. 00950 W/cm2-°K Fuel: Methane 
c = ! .761 Ws/g-°K <f> - 0.86 
p6 = 13.71 mg/< 
= 311.0 °C 













90° 38a 7.62 1272 22.0 1229 4.176 0.369 0.522 0.03058 0,145 11.760 
90° 38b 7.62 1272 22.0 1229 4.176 0.369 0.522 0.03043 0.145 11.700 
90° 38c 7.62 1272 22.0 1229 4.176 0.369 0.522 0.05557 0.145 22.090 
90° 38d 7.62 1272 22.0 1229 4.176 0.369 0.522 0.11415 0.351 9.446 
Measured film coefficient. 
Film coefficient from equation (37) with x 
Film coefficient from equation (35) with x 
Film coefficient from equation (37) with x 
Nj 
i • 
Table E2. Summary of Edge Ignition Tests on Fabric Number 6. 
GIRCFF Fabric Number 6 (65/35% Polyester-Cotton) 
k/6 = 0.01830 W/cm2-c •K Fuel : Methane 
c = 1.545 Ws/g-°K 0 = 0.86 
P6 = 23.57 mg/cm
2 Fabr ic edge = 76, ,0 mm 










9g *1 ,m 
s 
;:" 2h c 
W/cm2-°K 
• IS 7.62 1267 22.2 1231 3.069 1.945 0.532 0.01161 0 
30° 13 7.62 1270 21.9 1257 3.134 1.485 0.531 0.01343 G 
60° 17 7.62 1272 22.2 1234 3.077 0.160 0.532 0.01810 ] 
90° 23a 7.62 1267 23.8 1318 3.300 0.124 0.530 0.03058 C 
90° 23b 7.62 1267 23.8 1318 3.300 0.124 0.530 0.04067 -
90° 23c 7.62 1267 23.8 1313 3.300 0.124 0.530 0.06945 ' 
90° 23d 7.62 1267 23.8 1318 3.300 0.124 0.530 0.07539 
a _ Measured f i l m c o e f f i c i en t . 
b _ Film coe f f i c i en t from equation (37) wi th X = 5 . 
c _ Film coe f f i c i en t from equat ion (35) wi th X = 6. 
d _ Fi lm re i p f f i r i p >nt f rnm pmia t i nn (U) wi- hi y = ri. 

















• ; . ° 29 7.62 2205 23.8 1260 3.152 1.355 0.531 0.01269 0.681 1.920 
30° 32 7.62 2205 24.4 1292 3.237 1.110 0.530 0.01684 0.558 2.550 
60° 25 7.62 2200 24.4 1262 3.160 0.154 0.531 0.01966 0.077 2.976 
90° 28a 7.62 2198 24.4 1280 3.206 0.074 0.531 0.02930 0.037 4.434 
90° 2Sb 7.62 2198 24.4 1280 3.206 0.074 0.531 0.05151 0.037 7.798 
90° 28c 7.62 2198 24.4 1280 3.206 0.074 0.531 0.07816 0.037 11.829 
90° 28d 7.62 2198 24.4 1280 3.206 0.074 0.531 0.09549 0.049 6.902 
a - Measured film coefficient. 
k - Film coefficient from equation (37) with x = 6. 
c - Film coefficient from equation (35) with x = 6. 
d - Film coefficient from equation (37) with x = d. 
Table E3. Summary of Edge Ignition Tests on Fabric Number 9. 
GIRCFF Fabric Number 9 (100% Cotton) 
k/6 = C 1.00500 W/cm2-°K Fue l : Methane 
• - = 1.558 Ws/g-°K « • 0.86 
p5 - 26.48 mg/ctn2 Fab' r i c Edge = 76.0 mm 















90° 36a 7.62 1272 22.0 1229 4, .220 0.317 0.522 0.03058 0.038 22.620 
90° 36b 7.62 1272 22.0 1229 - .220 0.317 0.522 0.02657 0.038 19.650 
90° 36c 7.62 1272 22.0 1229 4 .220 0.317 0.522 0.04911 0.038 36.320 
90° 36d 7.62 1272 22.0 1229 4 .220 0.317 0.522 0.06849 0.115 7.817 
Measured film coefficient. 
Film coefficient from equation (37) with x = 6 
Film coefficient from equation (35) with x = 6 
Film coefficient from equation (37) with x = d 
to 
in 
Table E4. Summary of Edge Ignition Tests on Fabric Number 10 











PS = 6.65 mg/i :m
2 
Fabric edge = 76.0 mm 








i k fig î ,m s : • ' 2hc W/cm2-°K Fo 
* 
qc 
0° 20 7.62 1259 23.6 1211 2.831 0.645 0.536 0.01161 1.456 0.741 
30° ; 7.62 1265 22.7 1279 2.989 0.535 0.533 0.01343 1.208 0.857 
60° 15 7.62 1272 22.2 1185 2.763 0.400 0.537 0.01810 0.903 1.154 
90° 22a 7.62 1264 24.0 1175 2.747 0.224 0.537 0.03058 0.506 1.951 
90c 22b 7.62 1264 24.0 1175 2.747 0.224 0.537 0.06475 0.506 4.130 
90° 22c 7.62 1264 24.0 1175 2.747 0.224 0.537 0.09464 0.506 6.036 
90° 22d 7.62 1264 24.0 1175 2.747 0.224 0.537 0.k3021 0.069 3.182 
Measured film coefficient. 
Film coefficient from equation (37) with x = 5 
Film coefficient from equation (35) with x = 5 
Film coefficient from equation (37) with x = d o 
Table E5. Summary of Edge Ignition Tests on Fabric Number 17. 
GIRCFF Fabric Number 17 (65/35% Polyester-Cotton) 
k/6 = 0.02900 W/cm2-°K Fue l : Methane 


















e" 2h c 
W/cm2-°K 
90° 37a • .62 1261 24.2 1221 ; ' • ; ,626 0.299 0.538 0.03058 
90° 37b .62 1261 24.2 1221 .; .626 0.299 0.538 0.05847 
90° 37c 7 .62 1261 24.2 1221 • : ; .626 0.299 0.538 0.09083 
90° 37d v .62 1261 24.2 1221 2 .626 0.299 0.538 0.13428 
Measured film coefficient. 
Film coefficient from equation (37) with x = 6 
Film coefficient from equation (35) with x = 6 
Film coefficient from equation (37) with x = d 
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Table E6. Exposure Delay Times. 
L = 7.62 cm 
inclination angle t, seconds 













m m i x = 2175 g / h 




Figure E3. Velocity Profiles for Air-Methane Combusting 









F i g u r e E4. Flame Tempera tu r e P r o f i l e s (A i r -Methane f lame 
w i t h <J> = 0 .86) 
-ARMING- SWITCH 




( a ) 
SWCRCSWiTCH 
PILOT LIGHT 






Figure E5. (a) Schematic of Shutter Activation Electrical Circuit 
00 Schematic of Fabric Destruction Detection and Destruction 
Time Measuring Instrumentation, Static Tests 
• - - : 
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